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ABSTRACT 
This thesis concerns the synthesis of new biodegradable polyesters from carbohydrates. 
All the new products have been characterised using nuclear magnetic resonance (NMR) 
spectroscopy and mass spectrometry; some have been studied using X-ray 
crystallography. In Chapter 1, which is the introduction, some of the leading 
biodegradable polymers are introduced, in particular attention is paid to polyesters 
which are synthesised from carbohydrates. In addition, the standard polymerisation 
methods for the polyester synthesis - ring opening polymerisation and step 
polymerisation - are described. Chapter 2 details the synthesis and polymerisation of 
acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester. Three different 
initiating systems have been used for ring opening polymerisations; the kinetics and the 
polymer product of the polymerisation are discussed.  L-Lactide was used in 
copolymerisations with acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester; 
the copolymers show distinct thermal properties and accelerated degradation rates 
compared with poly(L-Lactide) (PLLA). Chapter 3 involves applying functionalised 
carbohydrates, with one free hydroxyl group, as the co-initiator for the ring opening 
polymerisation (ROP) of L-lactide. The polymerisations were well controlled with linear 
relationships between the percentage lactide conversion and the polymer’s molecular 
weight. The carbohydrates form the functionalised end group of the PLLA, which, in 
turn, improve the hydrophilicity of the resulting PLLA. These end-group functionalised 
polylactides have been used as the matrix for human-osteoblast-derived osteosarcoma 
cells (SaOS-2 cells) culturing, and these studies proved that the carbohydrate end 
groups were non toxic. Chapter 4 describes the synthesis of a series of other 
carbohydrate lactones derived from D-glucono-1,5-lactone, D-xylose and 2-deoxy-D-
ribose; the lactones include 2,3,4-tri-O-benzyl-D-xylonolactone, 6-methyl-2-oxo-
tetrahydro-2H-pyran-3-yl acetate, (S)-6-(benzyloxymethyl)-tetrahydropyran-2-one. The 
ROP of these lactones resulted in formation of low molecular weight oligomers, except 
for 2,3,4-tri-O-benzyl-D-xylonolactone, which can not be polymerised. Chapter 5 
describes the overall conclusions resulting from the experiments described in the thesis. 
Chapter 6 is the experimental section and thus provides a detailed description of the 
synthesis of all the compounds prepared in the thesis and their analytical data. The 
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Appendices include two papers that have already been published, describing some of 
the work in the thesis; important additional NMR spectra and MALDI-ToF spectra; and 
the complete X-ray crystallography data.  
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1.1 Aims and Motivations 
The discovery of new biodegradable polymers is important as the existing 
petrochemical-based polymers, such as polyethylene (PE), polypropylene (PP), 
polystyrene (PS) and poly(vinyl chloride) (PVC), have caused huge environmental 
impact. In the United Kingdom, more than 13 billion plastic bags are issued every year 
to shoppers, about 220 per person and billions find their way into landfill.1 This is a 
major source of pollution as they are not degradable and they are also bulky. In the 
1970s, the United States began to produce photodegradable and biodegradable plastics 
for the packaging industry. The biodegradable polymers not only provide one solution 
to managing packaging waste, they also offer potential applications in biomedical fields, 
such as wound dressings, drug delivery, surgical implants and other medical devices.2-5  
There are two major classes of these degradable polymers: natural materials, such as 
cellulose, starch or polyhydroxyalkanoates and synthetic materials, such as polylactide. 
There are comprehensive reviews describing the degradable polymers that have been 
produced; 2-5  an examination of all these materials is beyond the scope of this thesis, 
rather our focus will be on aliphatic polyesters (one of the polymers in the synthetic 
materials class).  Although degradable polymers have been studied for decades, there 
are still major limitations to their widespread usage, including problems with 
controlling the degradation rate and the feedstock sustainability.  
This thesis has focused on a potential solution to problems of slow degradation and  the 
need for renewable feedstocks: polymer synthesis from carbohydrates by ring opening 
polymerisation. Carbohydrates are of interest due to their high degree of chemical 
functionality, in the form of hydroxyl or protected hydroxyl groups. They are renewable 
resources which are both abundant and relatively inexpensive. The carbohydrates 
studied have derived from D-glucono-1,5-lactone, D-xylose and 2-deoxy-D-ribose, the 
structures of which are illustrated in Figure 1.1. D-Glucono-1,5-lactone is a naturally-
occurring food additive, which is commonly found in honey, fruit juice and wine. It is 
metabolized to D-glucose, which is the most important and prevalent carbohydrate in 
biology. D-Xylose, or wood sugar, is one of eight sugars essential for human nutrition, 
the others being D-galactose, D-glucose, D-mannose, N-acetylglucosamine, N-
acetylgalactosamine, fucose and N-acetylneuraminic acid. 2-Deoxy-D-ribose is the 
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sugar component of DNA and its derivatives have important roles in biology. The thesis 
has been concerned with how to synthesise carbohydrate lactones from the abundant 
sugar precursors, such as acetyl or benzyl groups have been used to protect the ring 
hydrozyl moieties (Figure 1.1). This work is being published in Chemical 
Communications.6  
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Figure 1.1 The carbohydrates and carbohydrate lactone derivatives studied in this thesis. 
Various carbohydrates, including protected pyranoses and aldaric esters, have also been 
investigated as co-initiators, with a metal complex, for the ring opening polymerisation 
of L-lactide.  The structures of these functionalised carbohydrates are shown in Figure 
1.2. Using the carbohydrates as co-initiators resulted in the synthesis of polylactide with 
functionalised, carbohydrate end groups. Such functionalised end groups influence the 
hydrophilicity of the polymer product.  This part of the thesis has been published in the 
Journal of Polymer Science, Part A, Polymer Chemistry.7  
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Figure 1.2 The mono-saccharide co-initiators for L-lactide polymerisation. 
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1.2 Degradable Polymers 
There are many classes of degradable polymers: including polyesters, polyamides, 
polyethers, polyanhydrides, poly(orthoesters), polysaccharides, polypeptides and 
proteins. These polymers are degraded by hydrolysis or by enzymatic catalysis. Table 
1.1 summarises the general structure of these polymers; these species are both naturally 
occurring and synthetic.8  
Table 1.1 Synthetic and natural biodegradable polymers, classified according to their repeat unit’s 
chemical structure. 8  
 Name and structure of the repeat unit Examples 
Ester 
C
O
O
 
Poly(lactide), poly(glycolide), 
copoly(lactide-glycolide), poly(ε-caprolactone) 
Anhydride 
C
O
O C
O  
Poly(sebacic acid-co-1,3-bis( p-carboxyphenoxy) 
propane) 
(P(CPP-SA))9  
Ortho ester 
C
C
O
O
O  
Poly(ortho ester) I, Poly(ortho ester) II, 
Poly(ortho ester) III 
Carbonate 
O C
O
O
 
CR-39, Lexan 
Phosphazene N P  poly(dichlorophosphazene) 
Peptide 
NH C
O  
Poly(amino acids) 
Phosphoric ester P O
O
O
 
Poly(phosphoric ester-urethanes) 
S
yn
th
et
ic
 P
ol
ym
er
s 
Carbon-carbon CH2 C
CN
 
Poly(cyanoacrylates) 
Ester 
C
O
O
 
Poly (β-hydroxybutyrate), Poly (β-malic acid) 
Glycoside 
(Polysaccharide) 
O
O  
Chitin, chitosan, hyaluronic acid, pectin, pertic acid, 
galactan, starch, dextran, pullulan, agarose, 
heparin, alginate, chondroitin-6-sulfate 
Peptide (Protein) 
NH C
O  
Collagen, gelatine, fibrin, albumin, gluten, 
polypetides, elastin, fibroin, enzymes 
N
at
u
ra
l 
P
ol
ym
er
s 
Phosphoric ester 
(Nucleic acid) P O
O
O
 
Deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA) 
Amongst these polymers, polyesters have been the most extensively investigated 
synthetic biodegradable polymers used clinically, especially poly(lactide) (PLA), 
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copoly(lactide-ε-caprolactone) (PLA-co-PCL) and copoly(lactide-glycolide) (PLA-co-
PGA). This is because their biodegradation can be controlled by changing the polymer 
molecular weight and composition. Furthermore, the monomers/degradation products 
are non-toxic because they are all metabolites in the body. Generally, the degradation of 
polyesters occurs by hydrolytic cleavage of their main chain ester groups to yield 
hydroxyl acids as the degradation products. Such hydroxyl acids can be metabolized in 
the carboxylic acid cycle, eventually producing only carbon dioxide and water as by-
products.  
1.2.1 Polyester Applications 
Aliphatic polyesters have been attracting considerable attention as sustainable 
alternatives to commodity plastics such as polypropylene. A significant advantage of 
polyesters is that they degrade through ester hydrolysis reactions. For example, PLA is 
hydrolyzed to lactic acid, a metabolite in the carboxylic acid cycle.2,10,11  Polyglycolide 
(PGA) and polylactide (PLA) have been used for the manufacturing of biodegradable 
sutures for decades.  However, they have also been used, together with other degradable 
polyesters, such as polycaprolactone (PCL), as packaging materials.2  They also have 
been widely used in biomedical applications, for example, skin regeneration,12,13 
cartilage regeneration,14-18 bone regeneration,19,20 nerve regeneration21-24 and vascular 
grafts.25,26  There are comprehensive reviews about the use of such polymeric materials 
for tissue and organ regeneration.2,3,5,16  
Taking cartilage regeneration for example, Cima et al. used copoly(lactide-glycolide) as 
a scaffolding material, supporting chondrocytes growth to synthesise cartilaginous 
extracellular matrix moleculars, which were implanted in nude mice.14  After 9 months, 
the cartilage formed was similar to human fetal cartilage. Freed et al. investigated 
fibrous PGA and porous PLLA as three dimensional scaffolds. These scaffolds were 
seeded with bovine chondrocytes and cultured in vitro for 2 weeks, then inserted 
subcutaneously in the backs of athymic mice. They found all the cell-polymer 
constructs successfully developed cartilage in the same dimensions as the scaffolds.15  
Mercier et al. investigated an injectable PLGA-chondrocytes system for cartilage 
formation in vivo.17  
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1.2.2 PLLA End Functionalised with Carbohydrate Groups 
PLA is biocompatible and an FDA approved polymer for use in therapy. Several 
reviews have described the uses of this polymer.2,3,5 However, it is unsuitable for many 
applications due to its high crystallinity, brittleness, hydrophobicity, lack of total 
absorption and thermal instability.3 It is therefore important to develop strategies and 
syntheses of functionalised PLA materials and in particular to develop routes to 
functionalise it with biologically relevant and compatible molecules.   
Cell surface carbohydrates are involved in numerous biological functions, including 
cellular recognition, adhesion, growth regulation, inflammation and cancer cell 
metastasis. However, the natural glycopolymers displaying these cell surface 
carbohydrates are heterogeneous and their structures are ill-defined. Synthetic 
carbohydrate based polymers are emerging as useful tools for investigating 
carbohydrate based interaction processes as well as interesting materials for biomedical 
applications.27  However, their biomedical applications require the design and efficient 
synthesis of materials incorporating well defined carbohydrate moieties and degradable, 
biocompatible backbones.  A solution to this challenge is the synthesis of biodegradable 
polyesters incorporating carbohydrate groups. Our solution was to use a carbohydrate 
hydroxyl group to co-initiate the controlled polymerisation of L-lactide, thereby 
introducing functionalised carbohydrate end groups to PLLA.   
D-Glucopyranosides and D-galactopyranosides protected with alkyl ether, benzyl ether 
or isopropylidene acetal groups have precedent as co-initiators for cyclic ester ring 
opening polymerisation in combination with either lipases, metal complexes or 
Bronsted acids.28-35  Also, Kricheldorf et al. used stannylenated glycopyranosides as 
cyclic initiators for ε-caprolactone polymerisation and the synthesis of biodegradable 
network polymers.36 Ouchi et al. carried out a substantial amount of work in the area of 
the polymerisation of lactones initiated from hydroxyl groups on carbohydrates. They 
reported the one-pot synthesis of a novel branched PLLA through the copolymerisation 
of L-LA with mevalonolactone (ML) as a bifunctional comonomer (i.e. it acted as a 
comonomer and an initiator in the polymerisation of L-LA).37  They also investigated 
the use of the tetra-benzyl-α-D-glucose, with potassium tert-butoxide, to initiate L-LA 
polymerisation, followed by post-polymerisation removal of the benzyl protecting 
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groups. The resultant glucose-end-capped PLLA (α-Glc-polyLA) was blended (30 wt. 
%) with PLLA, and annealed in hot water (80 °C, above the PLLA Tg = 60 °C). The 
water dynamic contact angle decreased with increasing annealing time, for the blended 
polymer film, until it reached a minimum at 65°, while that of the PLLA stayed constant 
at 78°. So, by introducing the glucose end group, the hydrophilicity of the PLLA was 
improved.32 Using a similar method to the synthesis of α-Glc-polyLA, they managed to 
polymerise PLA from dextran (a polysaccharide), the resulting PLA grafted to dextran 
(Dex-g-PLA) had a lower Tg and crystallinity compared with PLLA.
38 Kataoka et al. 
synthesised block copolymers of ethylene oxide and lactide (PEG-PLA), initiated from 
protected monosaccharides (D-glucose and D-galactose) with potassium naphthalene, by 
successive anionic ring opening polymerisations. The sugar protecting groups were 
removed using an aqueous trifluoroacetic acid (TFA) solution, yielding polymers with 
sugars at the chain end of the PEG segment. Polymer micelles having sugar residues on 
the surface were formed and the galactose-bearing PEG-PLA micelle was confirmed to 
selectively attach to RCA-1 lectin, which is known to recognize β-D-galactose 
residues.30 They investigated sugar end-capped PEG-PLAs using other sugars, such as 
D-lactose and D-mannose,31 discovered that copolymers with lactose end groups can 
also interact with RCA-1 lectin, in a related manner to the behaviour of the copolymer 
with galactose end groups. In contrast, the mannose end capped copolymers can interact 
with Con A lectin. They claimed that such site-specific sugar-installed polymeric 
micelles were promising as a high-performance active targeting drug vehicles.31  
However, all the previous studies into LA ROP from carbohydrate were limited to 
hexose co-initiators and few were controlled polymerisations. Furthermore, the 
materials produced had Mn limited to 10 000, which restricted applications requiring 
any mechanical strength for the materials.   
In this project, we used a series of carbohydrates as co-initiators (Figure 1.2) for the 
controlled polymerisation of lactide producing PLA end-capped with highly 
functionalised groups.  This is a sustainable route to polymers synthesised from 
renewable resources as well as yielding novel materials for applications in tissue 
engineering.  Different types of carbohydrate co-initiators were investigated including 
aldonate esters and pyranoses.  The co-initiation using  monosaccharides was known as 
some hexoses had been investigated previously,28-36  However pentoses, e.g. D-
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xylopyranose and 2-deoxy-D-ribopyranose, and aldonate esters were not previously 
researched.  The use of different co-initiators yielded PLLAs end capped with a range of 
carbohydrates and illustrated the influence of the initiator structure on the 
polymerisation rate. All the monosaccharide co-initiators were well defined compounds 
which were synthesised in high yield from natural carbohydrates.  They each had one 
free hydroxyl group to initiate the lactide polymerisation and the remaining hydroxyl 
groups were protected by acetyl, O-benzyl ether and isopropyl acetal groups. 
The functionalised end group did change some properties of the polymer, such as the 
hydrophilicity, but has only a limited influence over the degradation rate, the 
crystallinity and the thermal properties of the materials.  In the following section, we 
will discuss the synthesis of polyesters from functionalised lactones which show 
significantly different properties to PLLA.  
1.2.3 ROP for Lactones from Renewable Feed Stocks 
There are limited examples of the ring opening polymerisation of functionalised 
lactones derived from renewable resources.39-49  Among these, several are concerned 
with the polymerisation of malic acid or lactones derived from malic acid.39,43,45  
Poly(β-malic acid) has been investigated as a new polymeric drug-carrier,50 it is water 
soluble over the entire pH range and is non toxic.51 Other researchers have investigated 
lactones derived from D-gluconic acid.40,41 They synthesised novel monomers and 
polymers based on 1,4-dioxane-2,5-dione-type cyclic monomers derived from gluconic 
acid and glycolic acids; for example, 3-(1,2,3,4-tetraoxobutyldiisopropylidene)dioxane-
2,5-dione (DIPAGYL), which is shown in Figure 1.3. They successfully synthesised 
new degradable polymers in the melt and the molecular weight of the homopolymers 
can be up to 20, 000.  The glass transition temperature was rather high (Tg = 95 °C) and 
the partially (50%) deprotected PolyDIPAGYL (with 50% free OH groups) was soluble 
in alcohols and partially soluble in water.40 PolyDIPAGYL with pendent hydroxyl 
groups are generally aimed at pharmacological applications for controlled drug 
delivery.40  
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Figure 1.3 The monomer derived from gluconic acid and glycolic acid and its polymer. 
Parzuchowski et al. reported a glycerol based hyper branched polyester with primary 
hydroxyl groups.44  The lactone monomer was synthesised in reasonable yield (33%) 
from glycerol (which is a by-product of the bio-diesel industry) and ring opening 
polymerisation enabled preparation of the hyper-branched polymer product. The 
primary hydroxyl groups significantly improve the hydrophilicity, which is 
advantageous for increasing the rate of degradation, furthermore the hydroxyl groups 
could be further reacted with other monomers, such as lactide or caprolactone, to 
produce highly branched polyesters.44 
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Figure 1.4 The synthesis of glycerol based hyper branched polyester with primary hydroxyl groups. 
1.2.3.1 Polyesters from Carbohydrate Lactones 
Besides the polyesters mentioned in the last section, there are also limited references to 
the use of carbohydrate lactones as monomers for ROP. Carbohydrates are of interest 
due to their high degree of chemical functionality and their abundance. However, there 
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are very few references outlining their application in polymer synthesis.  In 1927, Drew 
and Haworth observed that tri-O-methyl-D-arabino-1,5-lactone reacted with acid to 
form a polymeride’.49  The highest molecular weight was only 2 100, however, this 
work is highly significant not least because it actually predates the acceptance of the 
field of polymer science. It is remarkable and prescient that the authors were able to 
argue that polymerisation was occurring as early as 1927 and without sophisticated 
analytical equipment. Decades later, a patent claimed the polymerisation of 
functionalised D-gluconolactone, although the product characterisation was limited.52 
Very recently, Galbis et al. reported the polymerisation of 2,3,4,5-tetra-O-methyl-D-
glucono-1,6-lactone. They found homopolymerisation was not possible, but 1-2% of the 
carbohydrate could be incorporated into a copolymer with lactide.42 The most recent 
and successful report is from Guan et al. and was published last year.48 They reported 
the ROP of a carbohydrate-derived permethoxylated ε-caprolactone, which is a 
diastereoisomer of 2,3,4,5-tetra-O-methyl-D-glucono-1,6-lactone (the lactone studied by 
Galbis et al.). The method reported by Guan et al. involved polymerisation of the 
lactone initiated by a rare-earth metal complex (yttrium(III) isopropoxide). Figure 1.5 
shows the monomer synthesis and polymerisation. They claimed highly controlled 
polymerisation with precise control over the molecular weight and polymer architecture, 
and the resulting degradable homopolymers (P(OMe)CL) and block copolymers with ε-
caprolactone (P(OMe)CL-b-PCL) showed excellent protein resistance (to fibrinogen 
and lysozyme).48  They synthesised a range of homopolymers using different 
monomer:initiator loadings (from 100:1 to 795:1 ) and fully characterised them with 1H 
NMR spectroscopy, GPC, DSC and MALDI-ToF. Both the 1H NMR and MALDI-ToF 
mass spectra showed that each polymer chain was end-capped by one isopropoxy group 
and one hydroxyl group. The GPC revealed that the polymers had narrow polydispersity 
indices (1.09–1.16) and high molecular weights (5,300 – 40,100). The homopolymer 
had a Tg of 52 °C, which is significantly higher than that of PCL; they proposed that 
was due to the higher chain rigidity introduced by the side chain methoxy substituents. 
There was no melting temperature observed because of the racemic nature of the 
monomer. All the block copolymers showed high molecular weights (25,000-50,000) 
and narrow polydispersity indices (1.09-1.23) by GPC. Thermal analyses showed single 
Tgs, with values between those measured for P(OMe)CL and PCL and the Tg values 
agreed well with those calculated using the Fox equation, which suggested that the PCL 
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and P(OMe)CL blocks were fully miscible and there was no microphase separation in 
these block copolymers.53 Although the polymerisation of ε-caprolactone has been 
comprehensively researched, this is the only report of polymerisation of any tetra-
substituted ε-caprolactone.54  The authors showed that by introducing a P(OMe)CL 
block into the PCL block, the resulting copolymers were highly functionalised and 
biodegradable, as well as being able to show good protein resistance.  Such protein 
resistance was proposed by the authors to be very useful in the biomaterials field, for 
example as surface coatings for medical implants and medical devices,55 cell cultures,56 
tissue regeneration,57 drug delivery,58 and polymer therapeutics.59,60  The authors also 
proposed that the new materials provided a promising alternative for the most 
commonly used protein-resistant polymer - polyethylene glycol (PEG), which is non-
degradable and difficult to functionalise.61,62 
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Figure 1.5 Monomer synthesis and ring opening polymerisation. Conditions: (a) trityl chloride 
(TrCl), pyridine, reflux, 14 h (78%); (b) MeI, NaOH, DMSO, THF, rt, 14 h (89%); (c) p-TSA, 
MeOH, CH2Cl2, rt, 14 h (75%); (d) Shvo’s catalyst, Na2CO3, CHCl3, 100 °C, 40 h, (60%); (e) 
Y(OiPr)3, toluene, rt, 12 h, (85%).  
Guan et al. had also previously published a closely related polymer structure prepared 
by step polymerisation (condensation polymerisation). The step polymerisation required 
quite a lengthy and low yielding synthesis (Figure 1.6).63 In step polymerisation, the 
molecular weight and polydispersity index were not controlled and in fact only low 
molecular weight samples were obtained.  
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Figure 1.6 Condensation polymerisation to produce carbohydrate derived side chain polyester.62 
Conditions: (a) trityl chloride (TrCl), pyridine; (b) MeI, NaOH, DMSO, THF; (c) p-TSA, MeOH; 
(d) (COCl)2, DMSO; (e) CrO3, H2SO4; (f) SOCl2, CH2Cl2; (g) NEt3, CH2Cl2. 
Previously, our research group (Haider et al.) reported an oligomerization of a 
carbohydrate derived lactone, 2,3,4,6-tetra-O-acetyl-D-gluconolactone,  by reaction with 
catalytic quantities of Sn(Oct)2.  The oligoesters were used to initiate lactide ROP to 
produce PLA with highly functionalised oligoester chain extending and/or end 
groups.47,64 
Previous research has addressed the preparation and polymerisation of functionalised 
lactones, but many of the syntheses are hampered by complex, multi-step monomer 
syntheses.54,64,65  In this thesis, we will report a simple two-step synthesis of  a 
functionalised lactone and its polymerisation. 
1.3 Ring Opening Polymerisation and Step 
Polymerisation 
The thesis is concerned with the preparation of synthetic degradable polymers from 
renewable resources (carbohydrates).  The class of polymers which have been studied 
are aliphatic polyesters.  There are two major routes to prepare aliphatic polyesters: by 
step polymerisation and by ring opening polymerisation. 
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1.3.1 Step Polymerisation  
Step polymerisation is the traditional synthetic route to aliphatic polyesters. In its 
simplest form it is the reaction between a diol and a dicarboxylic acid (AA + BB), or the 
condensation of a hydroxyl acid (AB). However, a significant disadvantage of a step 
polymerisation is that it must obey the Carothers equation (Equation 1-3), accordingly a 
very high conversion is required to obtain high molecular weight polymers. To illustrate 
these concepts, the reaction between a diol with a dicarboxylic acid (AA + BB) will be 
used as a representative example.  
The number average degree of polymerisation (DP) is given by  
Equation 1-1                          
A
A
v
v
DP
0
=      
where 0Av  = initial number of A groups; Av  = total number of A groups at any extent of 
reaction.  
The fraction of reacted functional groups at any time is defined as p – the extent of 
reaction.  Thus, p is the fraction of A groups which have reacted at any stage of the 
process, and p−1  is the unreacted fraction: 
Equation 1-2                        
0
1
A
A
v
v
p =−   or  
0
1
A
A
v
v
p −=        
From Equation 1-1 and Equation 1-2, Equation 1-3 could be derived:  
Equation 1-3                        
p
DP
−
=
1
1
       
The following graph shows the relationship between p and DP (where 0Av  = 100). 
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Figure 1.7 The relationship between p and DP. 
From the graph, it is clear that the number average degree of polymerisation is still low 
even at very high extents of reaction. For example, when p = 0.9, DP = 10. As shown by 
Figure 1.7, the DP increases dramatically when the conversion is greater than 95% (p > 
0.95). So, it is apparent that in order to access reasonable molecular numbers (degrees 
of polymerisation) by step polymerisation, extremely high conversions (extents of 
reaction) must be achieved. This can be extremely challenging, particularly for 
esterification reactions, which are equilibrium processes. The esterification equilibrium 
can be driven to high conversions only  by removal of the condensate (in this example 
water) and various techniques have been used to achieve this, e.g. application of high 
vacuum, high temperature, high pressure of inert gas or absorbents such as molecular 
sieves.  
Another problem is the high polydispersity index of the polymers produced by step 
polymerisation. The following equation shows the relationship between the 
polydispersity index (PDI) and the extent of reaction for a step polymerisation. 
Equation 1-4                           PDI p
M
M
n
w +== 1  
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Where wM is the weight average molecular weight and nM  is the number average 
molecular weight. From the equation, the higher the extent reaction is, the higher the 
polydispersity is, up to a limit of 2 at complete conversion.  
1.3.2 Ring Opening Polymerisation of Lactones 
Step polymerisation suffers from a number of drawbacks and therefore an alternative 
synthetic method is the ring opening polymerisation (ROP) of lactones. The ROP is 
advantageous because it can exhibit some of the characteristics of a living 
polymerisation: i.e. a chain polymerisation in which the molecular weight of the 
polymer can be controlled by the stoichiometry of the reaction. There are seven criteria 
for a living polymerisation, as defined by Quirk et al.:66   
(1) The polymerisation proceeds until all the monomer has been consumed 
(2) The number average molecular weight, nM , of the polymer has a linear 
relationship with the percentage monomer conversion 
(3) The number of polymer molecules is independent of the conversion 
(4) The molecular weight of the polymer can be controlled by the stoichiometry of 
the reaction 
(5) The resulting polymer has a narrow polydispersity index, PDI = 1.1 
(6) Block copolymers can be prepared by sequential monomer addition 
(7) Chain-end functionalised polymers can be produced in quantitative yield 
The ring opening polymerisation of lactones is an attractive method to synthesise 
aliphatic polyesters because it exhibits characteristics of a living polymerisation and 
therefore provides a route to tightly control the polymer’s physical and chemical 
properties. It should be noted that lactone ROPs are not living polymerisations because 
there are side reactions which can occur, most notably transesterification.   
Ring opening polymerisation can only occur if the Gibbs free energy of polymerisation, 
o
pG∆ , is negative or zero. In general and as a crude model, polymerisation reactions 
result in a decrease in entropy as the total number of molecules in the system decreases. 
Consequently, the thermodynamic driving force for the ROP of lactones is usually a 
negative enthalpy of polymerisation which enables the entropy, unfavorable in most 
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polymerisations, to be overcome. A negative enthalpy of polymerisation is usually 
caused by ring strain in the lactone.67 Ring strain is largely influenced by bond angle 
distortions, conformational strain, steric hindrance and non-bonding interactions in the 
ring.68  The thermodynamic parameters for a range of simple lactones of varying ring 
size and strain have been investigated, as shown in Table 1.2.69 
Table 1.2 Ring enthalpy and entropy for ring opening polymerisation (298 K). 
Ring Size 
β-propiolactone
O
O
 
O
O
γ-butyrolactone  
O
O
δ-valerolactone  
O
O
ε-caprolactone  
∆H / kJmol-1 -82.3 5.1 -27.4 -28.8 
∆S / Jmol-1K-1 -74 -29.9 -65.0 -53.9 
 
From Table 1.2, the five-membered ring (γ-butyrolactone) is the most stable and is in 
fact not possible to polymerise (∆H is positive).69 Some publications reported that γ-
butyrolactone has a negative ∆H,68 and recent results show it can be oligomerised.70 The 
other three lactones have greater ring strain and there is a significant thermodynamic 
driving force for their ring opening polymerisation.  
From Table 1.3, it is clear that increasing the number of substituents on the ring 
decreases the ring strain and thereby the polymerisability of the ring. Thus, the ring 
strain decreases in the order glycolide>lactide>tetramethyl glycolide. This is attributed 
to steric interactions between substituents being more pronounced in the linear versus 
the cyclic molecules, thus resulting in a destabilising of the highly substituted ring 
opened product (polymer) versus the lactone (the Thorpe-Ingold effect).  
The enthalpies of γ-butyrolactone mentioned in Table 1.2 and Table 1.3 are different. 
The enthalpy in Table 1.2 was calculated from standard enthalpy values of combustion 
of γ-butyrolactone and its polymer; the enthalpy in Table 1.3was calculated by 
molecular modelling.68  Although values from different methods vary, they give the 
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same trend that the 5-membered ring lactone is the most stable. The value in Table 1.2 
is mostly accepted.  
Table 1.3 The ring strain of selected substituted lactones.68 
Ring Size 
β-propiolactone
O
O
 
O
O
β-butyrolactone  
O
O
γ-butyrolactone  
O
O
γ-valerolactone  
∆H / kJmol-1 -82.3 -74.4 -15.4 -7.1 
Ring Size O
O
O
O
glycolide  
O
O
O
O
S-lactide  
O
O
O
O
tetramethyl glycolide  
∆H / kJmol-1 -23.0 -20.9 -13.5 
1.3.3 Initiators for Ring Opening Polymerisation 
Ring opening polymerisation has been widely used for the polymerisation of cyclic 
esters and diesters, such as ε-caprolactone, valerolactone, lactide and glycolide.71-73 The 
most widely used initiator type is a metal alkoxide or amide complex.72 A variety of 
metals have been found to be suitable, including tin(II), zinc(II), aluminium(III), 
yttrium(III) and iron(II) complexes. The common features of the metal complexes are 
that they are Lewis acidic, with a labile metal alkoxide or amide bond from which to 
initiate the polymerisation. Several excellent reviews have already covered the selection 
and range of initiators tested.71-73  The initiators are all proposed to operate via a 
coordination-insertion mechanism (illustrated using lactide as an example in Figure 1.8). 
Firstly, the metal coordinates with the carbonyl oxygen of the lactone. The metal bound 
alkoxide then attacks the carbonyl centre to form a tetrahedral intermediate (never 
isolated). Lactone acyl bond cleavage results in ring opening and the generation of a 
new metal alkoxide species from which the cycle can propagate. Chain termination 
reactions result from exposure of the reaction mixture to moisture (e.g. by exposure to 
air), which results in cleavage of the metal alkoxide bond and generation of an α-ester-
ω-hydroxyl polyester.  The driving force for the reaction is the relief of ring strain in the 
CHAPTER 1 
37 
lactone.  There are, however, side reactions which can occur and these include both 
intermolecular and intramolecular transesterifications (see Figure 1.9 for an illustration, 
again using lactide as an example).   
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Figure 1.8 The proposed coordination-insertion mechanism for the ROP of lactide. 
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Figure 1.9 Transesterification reactions. 
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1.3.3.1 Sn(Oct)2/ROH Initiating System and Sn(OBu)2 
There are many possible initiators for ROP, detailed reviews provide a comprehensive 
description of them.71-73 An examination of the many different metal initiators is beyond 
the scope of this thesis; however, it is important to describe the previous work using the 
three initiators used in this thesis.  These initiators include two tin systems and a zinc 
complex. The next sections will outline the current literature describing the use of these 
complexes to polymerise lactide.  
A very commonly used initiator for the ROP of lactide is a tin(II) alkoxide (Sn(OR)2 or 
OctSnOR), generated in situ by the reaction of tin(II) 2-ethylhexanoate (Sn(Oct)2) and 
an intentionally added alcohol.74,75 The various equilibria present in the initiating 
system are illustrated in Figure 1.10. This initiating system has been used in this thesis 
because it is commercially available, compatible with a variety of different alcohols and 
has extensive literature precedent for ROP initiation. A drawback of the Sn(Oct)2/ROH 
system is that purification of the Sn(Oct)2 can be challenging and the true initiator is 
still the subject of debate.72   
O
O
Sn
O
O
Oct Sn OR +
O
OH
Oct Sn OR
+ R OH
+ R OH RO Sn OR +
O
OH
Sn(Oct)2  OctSnOR
Sn(OR)2  
Figure 1.10 The Sn(Oct)2/ROH initiating system. 
Sn(OBu)2 has also been used as an initiator in this thesis as the polymerisation rate for 
lactide ROP is much faster than the rate using Sn(Oct)2/ROH.
74,76 It is also 
advantageous as it is a well defined initiator which can be easily purified. The synthesis 
of Sn(OBu)2 has been reported by Gsell et al.,
77 but they only reported elemental 
analysis and IR characterisation of the compound. Penczek et al. reported the 1H NMR 
resonances for this complex,76 but the resonances differed from those obtained in this 
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thesis. Penczek et al. found there were multiple peaks for the OCH2  protons and 
claimed that this was caused by the aggregation of the initiator.76 However, in our 
spectrum, which uses CDCl3 as the solvent, there are no multiple peaks for the 
methylene groups.  Rather, there are four clear multiplets for the four different proton 
environments in the complex, as illustrated in Figure 1.11. The multiplets are assigned 
on the basis of their chemical shifts and integrals.  The elemental analysis also 
establishes the complex purity, with calculated values being in excellent agreement with 
the experimentally observed values.   
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Figure 1.11 1H NMR spectrum of Sn(OBu)2 in CDCl3. 
1.3.3.2 Zinc Initiator 
Another initiating system used in this project is a heteroleptic zinc alkoxide complex, 
which was first reported by Williams et al..78 The structure of the initiator is shown in 
Figure 1.12. The initiator is generated in situ by combining the precursor complex 
LZnEt and an intentionally added alcohol. The added alcohol co-initiator forms the end 
group of the polymer when used for ROP; this initiating system has been used for the 
functionalisation of polylactide, which will be discussed in Chapter 3. LZnOEt has also 
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been used as an initiator to polymerise the functionalised lactone described in Chapter 
2 because the polymerisation reaction rate is high; the polymerisation can occur at room 
temperature, and a lower temperature is good for increasing the extent of polymerisation; 
it is compatible with a range of different alcohols; and it is quite tolerant, i.e. for lactide 
polymerisation, it works at low loadings and enables a high Mn polymer to be prepared. 
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LZnOEt
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N
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LZnEt
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Zn
O
R
LZnOR
+ R OH
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Figure 1.12 The in situ generated zinc alkoxide initiators. 
1.3.3.3 Other Initiators for Ring Opening Polymerisation 
Aside from metal complex initiators, all other initiators operate by the same mechanism: 
the activated monomer mechanism (Figure 1.13).  
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Figure 1.13 The proposed activated monomer mechanism for the ROP of lactide. 
The in vitro use of enzymes for polymer synthesis has also been actively pursued in the 
last decade due to their inherent low toxicity and biocompatibility. Lipases catalyze the 
ring opening polymerisation of lactones (both small and large rings), cyclic diesters 
(lactides) and cyclic carbonates to produce polyesters or polycarbonates. The polymers 
produced by an in vitro enzymatic route generally had low molecular masses, as quite a 
high loading of enzyme was required.79  The most widely used lipase is Novozyme-435 
(Candida Antarctica Lipase B, immobilized on acrylic resin). 
Cationic initiated ROP has been known for several decades, although it has previously 
suffered from poor control of the molecular weight. Recently, Casas et al., developed a 
synthesis using an organic acid and benzyl alcohol co-initiator which enabled the ring 
opening polymerisation of ε -carprolactone and δ-valerolactone with good control.80 
Persson and co-workers also used a cationic species (lactic acid) with sucrose and other 
carbohydrate co-initiators to achieve the bulk polymerisation of lactide at 120 °C.33 
Trifluoromethane sulfonic acid and a protic reagent (iPrOH, water, pentanol) enabled 
LA ROP, in solution and at room temperature, in a controlled manner.81 The control of 
molecular weight and end-groups, coupled with the first order rate dependence on [LA]0, 
supported an activated monomer mechanism. 
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In 2001, Hedrick et al. discovered a new approach to the ROP of lactide using 
nucleophilic N-heterocyclic carbene compounds as the initiator.82 The polymerisation 
reaction was highly controlled with narrow polydispersity indices and high molecular 
weights being achievable. The same group also published several detailed studies using 
carbene compounds as initiators.83-89 They also reported a bifunctional thiourea−tertiary 
amine initiator for lactide polymerisation.90 Besides the mild and highly selective 
polymerisation conditions, the initiating system produced polymers with predictable Mn 
and narrow dispersity indices. In fact the catalyst showed extraordinary selectivity for 
polymerisation relative to transesterification, which is remarkably unusual. They also 
found that the thiourea and tertiary amine did not have to be incorporated into a single-
molecule initiator.91   
1.3.4 Ring Opening Polymerisation Kinetics 
Usually, the metal initiated ROP reaction is a second order reaction, the reaction rate is 
dependent on both the initiator concentration and monomer concentration.76 This has 
certainly been observed for lactide ROP, where the majority of initiators show such 
second order rate laws. 
Equation 1-5                     ]][[ initiatormonomerkv =  
where k =  propagation rate constant.                                                                      
It is assumed that during the course of a polymerisation run, at a particular loading of 
monomer: initiator, the concentration of the initiator does not change. Furthermore the 
concentration of monomer is significantly higher than that of initiator and so the 
reaction rate can be simplified to a pseudo first order reaction; with the reaction rate 
constant now being named the observed reaction constant (kobs).  
Equation 1-6                          
][
][
initiatorkk
monomerkv
obs
obs
=
=
 
The rate of the reaction is given by  
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Equation 1-7                          
dt
monomerd
monomerkv obs
][
][ −==  
By integrating the rate equation, we can get the following equations: 
Equation 1-8                         tk
monomer
monomer
obs=][
][
ln 0  
where [monomer]0 is the initial monomer concentration, [monomer] is the monomer 
concentration at time t. 
When the reaction is an equilibrium reaction, the above equation (Equation 1-8) will be 
adjusted to take account of the equilibrium monomer concentration (Equation 1-9). 
Equation 1-9                           tk
monomermonomer
monomermonomer
obs
eq
eq
=
−
−
][][
][][
ln 0 , 
where [monomer]0 is the initial monomer concentration, [monomer] is the monomer 
concentration at time t, [monomer]eq is the monomer concentration at equilibrium. 
Provided the initial monomer concentration is known, the concentrations at various 
times and at equilibrium can be obtained from the conversion and the reaction rate 
constant can be derived. This method was used throughout the thesis for kinetic analysis 
and determination of the polymerisation rate constants. 
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CHAPTER 2 
Synthesis and Polymerisation of       
Acetic acid 5-acetoxy-6-oxo-tetrahydro- 
pyran-2-yl methyl ester 
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2.1 Introduction 
D-Glucono-1,5-lactone (2.1) is a naturally occurring food additive, which is commonly 
found in honey, fruit juice and wine. It is metabolized to glucose, which is the most 
important and prevalent carbohydrate in biology. In this chapter, a novel lactone (2.3) 
derived from D-glucono-1,5-lactone will be discussed.  
O O
OHHO
OH
HO O OAcO
OAc
O O
AcO
OAc
a b
2.2 2.32.1  
Figure 2.1 The synthesis of acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester, 2.3. (a) 
Ac2O, pyridine, 80 °C, 1 hour, 90%; (b) Pd/C (5%), H2, 75 °C, 50 bar, 20 h, 90%. 
A patent from Minami et al., reported the ring opening polymerisation of a derivative of 
D-glucono-1,5-lactone, but in the report, the experimental details and characterisation 
are extremely limited.52  Recently, Haider et al. reported the preparation of a highly 
functionalised oligomer from peracetylated D-glucono-1,5-lactone, and its 
copolymerisation with lactide.47 The main limitation of this method is that peracetylated 
D-glucono-1,5-lactone could only form trimers under all the ring opening 
polymerisation conditions tested. Here, a monomer which is capable of forming longer 
polymer chains and has the potential to be used in drug delivery and packaging will be 
reported. 
2.2 Results and Discussion 
2.2.1 Monomer Synthesis 
Acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester (2.3) was synthesised 
from D-glucono-1,5-lactone (2.1) through two steps (Figure 2.1). Nelson et al. reported 
the formation of the di-unsaturated compound (2.2).92 They proposed that the product 
was formed by consecutive reactions, which are illustrated in Figure 2.2. The first step 
is the traditional peracetylation reaction on D-glucono-1,5-lactone in the presence of 
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anhydrous pyridine. H-2 in tetra-O-acetyl-D-gluconolactone (2.4) is reasonably acidic 
and can be eliminated in the presence of base. Nelson et al. claimed that the mechanism 
of the elimination of acetic acid from 2.4 (or 2.5) was a concerted process, and that both 
the acid and base were mechanistically significant in the formation of 2.5 (or 2.2). 
Compounds 2.4 and 2.5 were stable when the reaction system was acidic (i.e. in the 
presence of acetic acid alone). The elimination reaction could happen when only base 
was present, but the reaction rate of the base system was much slower compared with 
the acid-base reaction system.92  
 O O
OHHO
OH
HO
O O
OAcAcO
OAc
AcO
O O
AcO
OAcAcO
O O
AcO
OAc
2.1 2.22.4 2.5  
Figure 2.2 The formation of 2.2 from D-glucono-1,5-lactone. 
Compound 2.5 has been previously reported by other groups as well,93,94 and it has been 
used as the monomer for production of saccharide polymers via free radical 
polymerisation.95 The investigations we carried out using 2.5 to prepare a novel 
trisubstituted lactone for ring opening polymerisations will be discussed in Chapter 4. 
Although compound 2.2 was reported 30 years ago,93,94 no investigation of its 
polymerisation has been undertaken, to the best of our knowledge. For reference and 
comparison to 2.3, the 1H NMR spectrum of 2.2 is illustrated in Figure 2.3. The 
hydrogenation of 2.2 has not been reported. To begin with, compound 2.2 was 
hydrogenated in the same manner as the previously reported hydrogenation of 2.5; that 
is, hydrogenation under 50 bar pressure of H2, at room temperature.
94 After 20 h of 
reaction, the 1H NMR spectrum showed that the reactant, 2.2, persisted as the main 
constituent of the mixture. Small signals were observed from δ = 4.15-4.30 ppm and 
were attributed to the reduced product 2.3. 
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Figure 2.3 The 1H NMR spectrum of 2.2 in CDCl3. 
Compound 2.2 has two alkene groups, it is a conjugated lactone, therefore it is 
reasonable that a higher temperature might be required to overcome the greater 
activation energy for hydrogenation compared to 2.5, where only one double bond is 
present. A second hydrogenation experiment was conducted at 75 °C for 15 hours (also 
at 50 bar pressure of H2), which successfully reduced 2.2 to 2.3 in quantitative yield. 
The 1H NMR spectrum of 2.3 is shown in Figure 2.4. Four peaks are observed with 
resonances between 5.47 and 4.17 ppm, which correspond to H-2, H-5, H-6 and H-6’ 
respectively; the two sharp singlets at 2.20 and 2.13 ppm are the resonances for the 
methyl protons in the acetyl groups; the multiplets between 2.39 and 1.97 ppm 
correspond to H-3, H-3’, H-4 and H-4’. These peaks were assigned based on the two 
dimensional NMR spectrum-proton correlation spectroscopy (proton COSY), which is 
shown in Figure 2.5. In the COSY spectrum, the neighbouring protons (the protons on 
the neighbouring carbons or on the same carbon) have a correlation which results in a 
cross-peak. Depending on the number and positions of the cross-peaks, the resonances 
can be assigned. From the structure of 2.3, only H-6 and H-6’ have one proton next to 
them (H-5), which indicates that only these two protons will have one cross-peak 
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(besides the cross-peak between themselves), and the peaks for H-6 and H-6’ should be 
next to each other. From Figure 2.5, the two peaks (doublets of doublets) at 4.29 and 
4.17 ppm have one cross-peak each (indicated by the red arrows) besides the one 
between themselves, indicating that these two peaks correspond to H-6 and H-6’. The 
other peaks could be characterised, one by one following the blue arrows. The whole 
characterisation depends on the correct assignment of the peaks due to H-6 and H-6’. To 
confirm the assignment, other techniques were used. Heteronuclear Multiple Quantum 
Coherence (HMQC) is a 2-dimensional inverse H-C correlation technique that allows 
for the determination of carbon to hydrogen connectivity. HMQC is selective for direct 
C-H coupling. From Figure 2.6, the red arrows show the two protons assigned as H-6 
and H-6’ bonded to a single C, which confirms the former assignment. The 13C{1H} 
NMR axis corresponds to the DEPT-135 spectrum in the HMQC spectrum; the carbons 
which are bonded to two protons have peaks of negative phase whilst those bonded to 
one/three protons have positive phases. There are three negative phase peaks in the 
spectrum, based on the structure they will be due to  C-6, C-3 and C-4 (the peaks for C-
3 and C-4 are very close to each other and they are indicated by a black arrow). The 
other four peaks are due to C-5, C-2 (blue arrows), and the two carbons for the methyl 
groups (the two peaks are very close and indicated by a black arrow). The DEPT-135 
spectrum will not show the resonances for the carbonyl carbons, as there is no proton 
bonded to these carbon atoms. In the 13C{1H} NMR spectrum (Figure 2.7), three 
carbonyl carbon peaks are observed at 170.61, 169.80 and 168.59 ppm, these peaks are 
due to the two carbonyl carbons in the acetyl groups and the one in the lactone ring (C-
1). Product formation was further confirmed by chemical ionization (CI) mass 
spectrometry. The peaks in the CI spectrum were at 248 (100%), 478 (20%). The 
molecular mass of the product is 230 g mol-1, so the molecular ion was expected at 248 
Da for [M + NH4]
+. The peak at 478 Da corresponded to the mass of a dimer, which we 
believe formed under the conditions of the mass spectrometry experiment. This is quite 
a promising finding as the lactone will be used for ring opening polymerisation 
reactions. Compounds containing the carbonyl group, C=O, are expected to show a 
strong carbonyl stretch signal in IR spectrum, in the range of 1630-1780 cm-1. From the 
IR spectrum of compound 2.3, there is a broad peak around 1750 cm-1; it is caused by 
the three carbonyl signals overlapping with each other. The elemental analysis also 
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establishes the compound purity, with calculated values being in excellent agreement 
with the experimentally observed values. 
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Figure 2.4 1H NMR spectrum of 2.3 in CDCl3. 
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Figure 2.5 Proton COSY spectrum of compound 2.3 in CDCl3. 
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Figure 2.6 HMQC spectrum of compound 2.3 in CDCl3. 
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Figure 2.7 13C{1H} NMR spectrum of compound 2.3 in CDCl3. 
From the 1H and 13C{1H} NMR spectra, there is evidence for the formation of only a 
single diastereoisomer of 2.3. This can be rationalized by the hydrogenation mechanism, 
because the hydrogenation occurs on the surface of the heterogeneous metal catalyst. 
The proposed mechanism involves the adsorption of hydrogen molecules on the 
transition metal’s surface and adsorption of the π systems of the substrate (i.e. the 
alkene). The hydrogen atoms add to the π systems in a stepwise manner as shown in 
Figure 2.8.  
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Step 1. Hydrogen atoms and π systems adsorb to the surface of the metal catalyst.
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Step 2. One hydrogen atom is added to one carbon of the π system.
H
Step 3. A hydrogen atom is added to the other carbon, releasing the alkane from the metal.
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Figure 2.8 The proposed mechanism for the heterogeneous Pd(0) catalysed hydrogenation of an 
alkene. 
So, the H2 should add to the same side of the planar conjugated lactone ring, 2.2. The 
configurations at C-2 and C-5 are therefore expected to be the same, either both up or 
both down thus leading to formation of a single diastereoisomer of the product. The 
possible conformations for the two enantiomers are shown below (Figure 2.9). 
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Figure 2.9 The possible conformation of 2.3. 
From the NOESY NMR spectrum (Figure 2.10), a strong correlation between H-2 and 
H-5 is observed, which is caused by the short distance between the two protons in space. 
If the ring is in a chair conformation (A-1, A-2, B-1, B-2), one substituent would be in 
an equatorial position and the other would be axial as shown in Figure 2.9. So, in the 
chair conformation, the protons are not close enough to give a strong signal in the 
NOESY spectrum. If the ring is in a boat conformation (A-3, A-4, B-3, B-4) and the 
two substituents are both in equatorial positions (A-4, B-3), the protons will be close 
enough to have a strong correlation. Therefore, the NOESY spectrum indicates a boat 
conformation, with C-2 and C-5 at the top of the boat as shown in Figure 2.9 (A-4, B-3). 
This was confirmed by the X-ray crystal structure of 2.3 (Figure 2.11). The X-ray 
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structure also confirmed the product is a racemic mixture.  That 2.3 is a racemic mixture 
was also proved by its specific rotation ( °= 0][ 20Dα ). 
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Figure 2.10 NOESY NMR spectrum of 2.3 in CDCl3. 
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Figure 2.11  Representation of one of the enantiomers present in the X-ray crystal structure of 2.3. 
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The single crystal of compound 2.3 was grown by cooling of a hot toluene solution. The 
complex crystallised in the P2(1)/C space group (this is a racemic space group and equal 
proportions of the molecule shown in Figure 2.11 and its enantiomer are present).  
Table 2.1 shows some selected bond lengths and angles, the complete set of data is 
presented in the Appendix I. It is worth noting that there is nothing unusual about the 
bond lengths or angles and they compare reasonably well with other X-ray structures of 
carbohydrate lactones.96-114 The X-ray structure shows that the complex is in a boat 
conformation, as also shown by the NOESY NMR spectrum. This is an interesting 
finding as on first examination it might seem to be a destabilised conformation for the 
ring. It is certainly true that cyclohexane rings or carbohydrates would exhibit 
significantly lower strain in the chair conformation.   However, a search of Cambridge 
Crystallographic Database (by Dr Andrew J.P. White) showed that of the 22 
carbohydrate lactone structures published, around 80% were also in the boat 
conformation.96,98,99,102-104,106-111,113-117 Most of the structures relate to fully substituted 
carbohydrates (three or four substituents depending on the carbohydrates). This is the 
first report of a partially substituted lactone with a boat conformation – this is 
interesting as high degrees of substitution have previously been shown to be deleterious 
to the ring strain and thereby prevent ring opening polymerisation.47   
Table 2.1 The selected bond lengths (Å) and angles for compound 2.3. 
Bond Bond Length / Å Angle Angle Degree / ° 
C(1)-O(1) 1.1979(13) O(1)-C(1)-O(2) 120.16(10) 
C(1)-O(2) 1.3424(13) O(1)-C(1)-C(2) 125.81(10) 
C(1)-C(2) 1.5097(15) O(2)-C(1)-C(2) 114.03(9) 
C(2)-C(3) 1.5243(14) C(1)-C(2)-C(3) 109.48(8) 
C(3)-C(4) 1.5441(16) C(2)-C(3)-C(4) 109.62(9) 
C(4)-C(5) 1.5186(15) C(5)-C(4)-C(3) 111.28(9) 
C(5)-O(2) 1.4630(13) O(2)-C(5)-C(4) 108.97(9) 
C(5)-C(6) 1.5013(16) C(1)-O(2)-C(5) 116.37(8) 
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2.2.2 The Polymerisation of Monomer 2.3 
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Figure 2.12 The polymerisation reaction scheme. (a) ROP initiator, e.g. Sn(Oct)2 + BuOH, 
Sn(OBu)2 or LZnOEt (The structure is shown in Figure 1.12). 
Ring opening polymerisation has been widely used for the polymerisation of cyclic 
esters and diesters, such as ε-caprolactone, valerolactone, lactide and glycolide.71-73  The 
most widely used initiator type is a metal alkoxide or amide complex.72  Sn(Oct)2/ROH, 
Sn(OBu)2 and LZnOEt were the initiators used in this thesis and their use in LA ROP 
has been described Chapter 1. The ring opening polymerisation mechanism using 
lactide was introduced in Chapter 1 (Figure 1.8). In Figure 2.13, the coordination-
insertion mechanism is illustrated using monomer 2.3.  
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Figure 2.13 The proposed coordination-insertion mechanism for the ROP of monomer 2.3. 
The polymerisation of compound 2.3 was studied in great detail, in particular many 
attempts were made to optimize the reaction conditions including by varying the 
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solvents, temperatures and initiating systems used. In the following discussion, the 
different initiating systems will be discussed separately, as the conditions used in each 
case vary. All of the polymerisations using compound 2.3 discussed below were 
monitored by 1H NMR spectroscopy to determine the conversion of the monomer. The 
polymer 1H NMR peaks shifted and broadened compared with the monomer, which 
makes the comparison of the integrals between monomer and polymer peaks possible. 
The following figure shows the region between 3.75 and 5.75 ppm in the 1H NMR 
spectrum, in CDCl3, containing a 2:3 mixture of monomer and polymer. 
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Figure 2.14 The 1H NMR spectrum of compound 2.3 and its polymer in CDCl3. 
From Figure 2.14, the resonance of H-2 shifts to higher field in the polymer (from 5.45 
ppm to 5.02 ppm), and the resonance of H-5 shifts to lower field in the polymer (from 
4.66 ppm to 5.15 ppm). Integration of the peaks enables an estimation of the monomer 
conversion, for example, in Figure 2.14, the conversion is estimated to be 60%.  
The monomer residues could be easily removed from the polymer by dissolving the 
mixture in a chlorinated solvent and pouring the mixture into diethyl ether. This caused 
precipitation of the pure polymer. The 1H NMR spectrum of the purified polymer (P2.3) 
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is shown in Figure 2.15. As mentioned in the last paragraph, the peaks for H-2 and H-5 
shift, which provides a way to calculate the monomer conversion. The resonances for 
H-6 and the two methyl groups do not shift significantly. For H-3, only one peak is 
observed for the polymer, but there are two peaks for the monomer; a similar 
phenomenon is observed for H-4. The polymer peaks are broad compared with the 
monomer peaks in Figure 2.4, this is a common phenomenon for polymers and arises 
due to different chain lengths, as well as tacticities. As the monomer is a racemic 
mixture, both of the two enantiomers can be opened by the initiator with no 
stereochemical discrimination, so the polymer formed is atactic. The tacticity is 
established from the 13C{1H} NMR spectrum, where multiple resonances for the 
carbonyl carbons were observed. If the polymer is isotactic, only a single polymer chain 
carbon (and the two for the side groups) would be expected. From the 13C{1H} NMR 
spectrum (Figure 2.16), 5 broad peaks are observed between 169.27 and 170.62 ppm, 
which indicates the polymer is atactic. All the other C resonances are also broad 
multiple peaks.  
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Figure 2.15 1H NMR spectrum of the polymer (P2.3) in CDCl3. 
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Figure 2.16 13C{1H} NMR spectrum of the polymer (P2.3) in CDCl3. 
From the polymer 1H NMR spectrum, no obvious end group resonance is observed. In 
fact, the MALDI-ToF mass spectrometry shows the major product for the P2.3 is a 
cyclic product, no matter which initiating system is used. The details of this cyclic 
product will be discussed later. 
2.2.2.1 Sn(Oct)2/ROH Initiating System 
The Sn(Oct)2/ROH system has been widely used for the polymerisation of lactide and ε-
caprolactone.74,75,118-120 In this project, 1,4-butanediol and benzyl alcohol were used as 
the co-initiators. These polymerisation reactions were carried out without any solvent, 
in molten monomer, at 100 °C and under a nitrogen environment. Table 2.2 shows the 
conversion, molecular weight and polydispersity index for the polymerisation reactions 
using 2.3.  It is clear that the polymerisation is an equilibrium reaction, as has been 
found for other lactone ring opening polymerisations.64  The position of the equilibrium 
is approximately 80% conversion to polymer, although there is some variation in this 
value due to the very slow rates at which the monomer polymerises.  For runs 1-4, the 
catalyst and co-initiator were used under the same conditions but at different loadings; it 
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was apparent that the Mn (GPC) increased with the monomer loading at similar 
conversions. For runs 5 and 6, two equivalents of alcohol co-initiator were used rather 
than a single equivalent as for the other reactions. The linear relationship between the 
Mn (GPC) and the percentage conversion (Figure 2.17) observed indicates that a 
controlled ring opening polymerisation could be occurring. Figure 2.18 shows the effect 
of the co-initiator loading on the Mn (GPC); the number of reacted equivalents is the 
product of the number of monomer equivalents and the percent conversion. The plot 
(Figure 2.18) is also linear and again indicates controlled polymerisation could be 
occurring. It is interesting to note that for the same number of reacted equivalents, the 
Mn of the polymer where one equivalent of alcohol co-initiator was used is twice that 
for reactions where two equivalents of alcohol co-initiator were used. This is due to the 
formation of two initiation sites on a single tin initiator by two alcohol units, as shown 
in Figure 1.10. The Mn of the polymer shows the polymerisation only forms oligomers 
(Mn < 4 000), even at high loading (110 equiv.); and the Mn is lower than the calculated 
value from the monomer conversion. From the 1H NMR spectra, no end group 
(butanediol and benzyl group) resonance is observed, so integration of end group vs. 
main chain resonances in the 1H NMR spectrum is not a suitable method to determine 
the Mn. The MALDI-ToF spectra show the polymers are mostly cyclic, which 
rationalises the lack of end group resonances; the potential mechanisms for the 
formation of cyclic product will be discussed in Section 2.2.3. 
Table 2.2 Polymerisation of 2.3 using Sn(Oct)2/ROH initiating system in molten monomer, at 100 
°C under N2. 
Run Initiator Co-Initiator M: I: Ca T/ °C Conv. /%b Time Mn (GPC)
c PDI 
1 Sn(Oct)2 1,4-butanediol 5:1:1 100 87 2 d 1028 1.03 
2 Sn(Oct)2 1,4-butanediol 10:1:1 100 85 2 d 1686 1.12 
3 Sn(Oct)2 1,4-butanediol 20:1:1 100 73 2 d 1969 1.13 
4 Sn(Oct)2 1,4-butanediol 40:1:1 100 
60 
73 
2 d 
3 d 
2665 
3172 
1.11 
1.14 
5 Sn(Oct)2 1,4-butanediol 110:1:2 100 60 5 d 3232 1.12 
6 Sn(Oct)2 Benzyl alcohol 50:1:2 100 65 5 d 1568 1.21 
(a) M: I: C is monomer 2.3: initiator: co-initiator. (b) All the conversions were derived from 1H 
NMR spectra using integration of peaks at 5.45 and 4.68 ppm for monomer and peaks between 5.35 
and 4.85 ppm for polymer respectively. (c) Determined by GPC using CHCl3 (1 mLmin
-1) and 
versus narrow Mn polystyrene standards. 
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Figure 2.17 The relationship between Mn and conversion for run 5 in Table 2.2. 
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Figure 2.18 The plots of Mn versus the number of reacted equivalents of 2.3. (1) Monomer: Sn(Oct)2: 
1,4-butanediol=10:1:1; (2) Monomer: Sn(Oct)2: 1,4-butanediol = 40:1:1; (3) Monomer: Sn(Oct)2: 
benzyl alcohol = 50:1:2; (4) Monomer: Sn(Oct)2: 1,4-butanediol = 110:1:2. 
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Another indicator of the polymerisation control is the narrow polydispersity indices.  
The major problem is the reaction rate which is very slow; as the loading of monomer 
increases, a longer reaction time is required to reach equilibrium. 
2.2.2.2  LZnOEt Initiating System 
To try to improve the kinetics of the ROP a different initiating system was investigated: 
LZnOEt. This species had good precedence for rapid lactide ROP. The LZnOEt 
initiating system can also operate at room temperature and in solution, the reduced 
temperature would be beneficial for maximising the conversion, but the concentration 
should ideally be as high as possible.  
A range of different monomer concentrations were studied at a loading of the monomer 
and initiator (50:1). These reactions were carried out in NMR tubes which were shaken 
frequently and using CDCl3 as the solvent.  
Table 2.3 Polymerisations using different monomer concentrations at the same loading (50:1) in 
CDCl3. 
(a) All the conversions were derived from 1H NMR spectra using integration of peaks at 5.45 and 
4.68 ppm for monomer and peaks between 5.35 and 4.85 ppm for polymer respectively. 
From Table 2.3, run 1 had only 24% conversion after 17 hours; compared to run 1, run 
2 had a much higher conversion and reaction rate; run 3 had the highest conversion (> 
70%) in a shorter reaction time (< 3 hours).  On increasing the concentration further, the 
monomer did not dissolve very well and at 2 M only partial monomer dissolution was 
obtained. Therefore, a monomer concentration of 1.5 M was chosen for all the 
Run [monomer]0/M % conversion
a reaction time/h 
6.4 0.4 
11.6 1.4 
13.1 2.5 
1 0.5 
24.2 16.8 
25 0.7 
50.6 7.8 
61.8 22.0 
64.7 29.3 
2 1.0 
69.1 50.0 
48.3 0.5 
73.7 2.6 3 1.5 
83.9 16.9 
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following experiments. Compared to the reaction using Sn(Oct)2/ROH as the initiating 
system, the reactions using LZnOEt as the initiator had a much higher reaction rate and 
the monomer conversion was approximately equivalent. The polymer had the same 
spectral characteristics as was observed with the Sn(Oct)2/ROH initiating system. The 
polymer molecular weight obtained with the zinc initiator was lower than the calculated 
value, but the PDI value (1.58) was much higher than for polymers formed from the 
Sn(Oct)2/ROH initiating system.  
As discussed in Chapter 1, the metal initiated ROP reaction is a second order reaction, 
the reaction rate is dependent on both the initiator concentration and monomer 
concentration.76 It is assumed that during the course of a polymerisation run at a 
particular loading of monomer: initiator, the concentration of the initiator does not 
change during the reaction. Furthermore the concentration of monomer is significantly 
higher and so the reaction rate can be simplified to a pseudo first order reaction; with 
the reaction rate constant now being named the observed reaction constant (kobs). For 
equilibrium ring opening polymerisation, it would obey Equation 2-1. Provided the 
initial monomer concentration is known, the concentrations at various times and at 
equilibrium can be obtained from the conversion and the reaction rate constant can be 
derived. 
Equation 2-1                              tk
monomermonomer
monomermonomer
obs
eqt
eq
=
−
−
][][
][][
ln 0  
where [monomer]0 is the initial monomer concentration, [monomer]t is the monomer 
concentration at time t, [monomer]eq is the monomer concentration at equilibrium. 
Three samples were prepared for NMR experiments, which had the same monomer 
concentration (1.5 M) but different monomer/initiator loadings. These samples were 
monitored by NMR spectroscopy every 20 minutes for 17 hours. Then they were 
monitored manually until the conversion of the monomer became constant.  
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Table 2.4 Polymerisations of compound 2.3 at 1.5 M concentration of 2.3 and initiated by LZnOEt 
in CDCl3 at room temperature. 
(a) All the conversions were derived from 1H NMR spectra using integration of peaks at 5.45 and 
4.68 ppm for monomer and peaks between 5.35 and 4.85 ppm for polymer respectively. 
From the analysis of the NMR spectra, runs 1 and 2 had a steadily increasing 
conversion, but run 3 did not polymerise at all. These results were surprising as it is 
usual that for reactions under the same conditions (i.e. starting monomer concentration 
and temperature) - the same equilibrium conversion will be achieved regardless of the 
initiator concentration. When the ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time was plotted 
(the equilibrium conversions being 78.0% for both run 1 and run 2), a linear fit to the 
data was clearly incorrect (Figure 2.19). This may be caused by the slow diffusion of 
the monomer to the initiator, as the 1.5 M solution is quite viscous especially at higher 
conversion or it may be that the concentration of the initiator was slowly changing. The 
latter explanation would rely on some slow deactivation of the initiator which decreased 
its concentration and changed the rate law.  A third potential explanation could lie in 
side reactions of the monomer or polymer product (such as transesterifications) which 
are occurring at rates comparable to the propagation rate and which are changing the 
concentrations of monomer/polymer/initiator.  
Run Monomer: Initiator [Monomer]0 % Conversion
a (Final) 
1 50:1 1.5 M 78.0 
2 100:1 1.5 M 40.0 
3 200:1 1.5 M 0.0 
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Figure 2.19 Plot of ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time for runs 1 and 2 shown in Table 2.4. 
To reduce the influence of the reaction viscosity, a lower monomer concentration was 
used. For runs 4-6 in Table 2.5, the monomer was dissolved in CDCl3 at a concentration 
of 1 M. The reactions were monitored by NMR every hour for 2 days, followed by 
manual collection of data until equilibria were achieved. The conversions versus time 
plots are shown in Figure 2.20. The plots again show different equilibrium 
concentrations for each run. The semi-logarithmic plots are shown in Figure 2.21 (the 
equilibrium conversions were 79.0%, 56.0% and 19.0% for runs 4, 5 and 6 respectively). 
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Table 2.5 Polymerisations at 1 M concentration of 2.3 and initiated by LZnOEt in CDCl3 at room 
temperature. 
(a) All the conversions were derived from 1H NMR spectra using integration of peaks at 5.45 and 
4.68 ppm for monomer and peaks between 5.35 and 4.85 ppm for polymer respectively. 
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Figure 2.20 The conversion versus time for runs 4, 5 and 6 from Table 2.5. 
run monomer: initiator [monomer]0 % Conversion (Final)
a 
4 50:1 1 M 79.0 
5 100:1 1 M 56.0 
6 150:1 1 M 19.0 
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Figure 2.21 Plot of ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time for runs 4-6 from Table 2.5. 
Figure 2.20 shows that the equilibrium monomer concentrations varied for different 
loadings. The semi-logarithmic plots show the reaction does not exhibit a first order 
dependence on the monomer concentration.  
The data were subsequently analyzed using a second order dependence on monomer 
concentration, which is expected to obey the following equation: 
Equation 2-2                
][
][
1
][
1
0
initiatorkk
monomer
tk
monomer
pobs
obs
t
=
+=
 
where [monomer]0 is the initial monomer concentration, [monomer]t is the monomer 
concentration at time t, kp is the propagation constant.  
When the equilibrium is taken into consideration, the equation becomes:  
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Equation 2-3              
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where [monomer]0 is the initial monomer concentration, [monomer]t is the monomer 
concentration at time t, [monomer]eq is the monomer concentration at equilibrium. 
The data for runs 4, 5 and 6 was re-analyzed assuming a second order dependence on 
monomer concentration and the results are plotted in Figure 2.22 (using 79%, 56% and 
19% as the equilibrium conversions for runs 4,5 and 6, respectively.). 
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Figure 2.22 Plot of 1/([M]t-[M]eq)-1/([M]0-[M]eq) versus time for runs 4-6 in Table 2.5. 
By using the new relationship (Equation 2-3), the data gives a much improved linear fit, 
but the gradients values (kobs) do not correlate with the initiator concentration (i.e. 
according to Figure 2.22 the relative order of rates is 6>4>5). It is worth pointing out 
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that very minor adjustments to the equilibrium monomer concentration can have a 
significant influence on the gradients. Using the same second order dependence 
(Equation 2-3), the data for runs 1 and 2 in Table 2.4 (using the equilibrium conversions 
of 78.0% and 40.0% respectively) were plotted (Figure 2.23).  
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Figure 2.23 Plot of 1/([M]t-[M]eq)-1/([M]0-[M]eq) versus time for runs 1,2 in Table 2.4. 
It is clear that a second order dependence (Figure 2.23) on monomer concentration 
provides a much better fit to the experimental data than a first order dependence (Figure 
2.19) 
In order to test whether there was any deactivation of the initiator, caused by some 
nucleophilic impurity, the solvent and the monomer were re-dried. A new experiment 
(run 7) was carried out using these freshly dried materials. The monomer was dissolved 
in CHCl3 at a concentration of 1 M; the initiator was LZnOEt (0.02 M) and the reaction 
was stirred under nitrogen. Aliquots were taken at certain times periodically and the 
equilibrium conversion was 87%. The following graph shows the kinetic plots for either 
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a first order dependency on monomer concentration (red line) or a second order 
dependency on it (blue line). It is clear that the reaction rate has a second order 
dependency on monomer concentration. As such a mechanism would be highly unusual 
for lactone ROP a series of experiments were needed to collect more data. 
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Figure 2.24 The comparison between first order and second order dependency on monomer 
concentration. 
Using these newly dried and synthesized materials, a new series of experiments was 
carried out, which is listed below. These reactions were carried out in the same 
conditions as run 7, but at different monomer/initiator loadings. 
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Table 2.6 Polymerisation of 2.3 initiated by LZnOEt in CDCl3 at room temperature, [2.3] = 1 M. 
run monomer: initiator [monomer]0 Final % Conv.
a 
Mn (Calc.)
b 
Mn (GPC)
c PDI 
8 30:1 1 M 86.2 5000 5500 1.41 
9 65:1 1 M 67.0 7750 5600 1.44 
10 100:1 1 M 59.9 10400 7000 1.38 
11 130:1 1 M 44.5 10300 7650 1.37 
12 175:1 1 M 25.6 8900 5200 1.23 
13 240:1 1 M 16.0 7400 5900 1.16 
(a) All the conversions were derived from 1H NMR spectra using integration of peaks at 5.45 and 
4.68 ppm for monomer and peaks between 5.35 and 4.85 ppm for polymer respectively. (b) 
Determined by GPC using CHCl3 (1 mLmin
-1) and versus narrow Mn polystyrene standards. (c) 
Calculated by multiplying the molecular weight of the repeating unit (2.3) by the production of the 
monomer loading and conversion.  
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Figure 2.25 Plots showing % conversion versus time for runs 8 to 13 (Table 2.6). 
From the plots (Figure 2.25), the equilibrium concentrations for each run are still 
different, which is in marked contrast to lactide polymerisation, where the same 
equilibrium concentration is observed regardless of the initiator concentration. The 
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kinetic plots are shown in Figure 2.26. Again, using a second order dependence on 
monomer concentration results in a good fit to the data, but the gradients are not as 
expected (i.e. there is not a clear correlation between initiator concentration and rate).  
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Figure 2.26 Plots of 1/([M]t-[M]eq)-1/([M]0-[M]eq) versus time for runs 8-13 from Table 2.6. 
Previously, no other groups have reported the ROP of a lactone to follow a second order 
dependency on monomer concentration. The dilemma is that although all the data shows 
the linear fit is better if it is a second order reaction rate is used, such a mechanism still 
cannot explain why the equilibrium concentration differs depending on the initiator 
concentration, nor why the pseudo second order rate constant increases at low initiator 
concentrations. As the equilibrium monomer concentration was found to have a very 
large effect on the gradients of the lines it could be that the equilibrium concentrations 
were not the correct values. This could arise if the initiator was being slowly deactivated 
during the course of the polymerisation and thus not enabling the true equilibrium 
conversion to be achieved.  Such an explanation would correlate with significantly 
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lower conversions being observed at lower initial concentrations of initiator.  So, the 
hypothesis was that the concentration of the active initiating group was decreasing with 
time and not enabling an accurate rate law to be determined. To investigate the kinetics 
of the ring opening reaction, being able to determine an accurate equilibrium monomer 
concentration is essential. It was possible that the zinc initiator was too sensitive (e.g. to 
nucleophilic impurities) and therefore a more robust initiator was needed.  
2.2.2.3 Sn(OBu)2 Initiating System 
The Sn(Oct)2/ROH initiating system had previously shown less sensitivity to hydrolytic 
impurities compared to LZnOEt initiator, but the polymerisations using this system 
were prohibitively slow. In the next part of the study, a tin(II) alkoxide, which is a good 
model for the Sn(Oct)2/ROH initiating system, was chosen because it was a well 
characterised initiator, had good rates of lactide polymerisation and was stable.74 
Penczek et al. compared the polymerisation rates of Sn(OBu)2 and Sn(Oct)2/ROH 
initiating systems for lactide polymerisation, and found that Sn(OBu)2 was 10 times 
faster than Sn(Oct)2/BuOH.
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Figure 2.27 Polymerisation reaction scheme using Sn(OBu)2 as initiator. (a) Sn(OBu)2, 80 C, 
toluene, stirring under N2. 
Five polymerisations (Table 2.7) were carried out, at varying loadings of 
monomer:initiator, to establish the polymerisation conversion and check that the 
equilibrium monomer concentration was the same in each case. The conversion versus 
time plots are shown in Figure 2.28, the equilibrium conversion for the five different 
runs are almost identical (78.0%), which suggests that the reaction is an equilibrium 
reaction - the same as other ring opening polymerisations of lactones. The equilibrium 
conversion was therefore taken as 78.0% and the ln{([M]0-[M]eq)/([M]t-[M]eq)} was 
plotted versus time (Figure 2.29). Comparing the slopes of the lines with the initiator 
concentration in Table 2.7, the observed reaction constants have a linear relationship 
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with the initiator concentration, which follows the equation below. From a plot of the 
kobs versus initiator concentration (Figure 2.30), the slope of the line is the reaction 
constant (k = 1.03 mol-1·L·h). 
][
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monomerkv
obs
obs
=
=
 
Table 2.7 The polymerisationof 2.3 using Sn(OBu)2 as the initiator at the concentration of 1M and 
80 °C in toluene and the gradients for plots in Figure 2.29. 
Run M: I [M]0 / mol·L
-1 Mn (GPC)
a PDI [Initiator] / mol·L-1 kobs / h 
1 31:1 1 M 1800 1.47 0.032 0.034 
2 48:1 1 M 2200 1.37 0.021 0.021 
3 61:1 1 M 2600 1.43 0.016 0.016 
4 91:1 1 M 3000 1.37 0.011 0.011 
5 122:1 1 M 4400 1.41 0.008 0.008 
(a) Determined by GPC using CHCl3 (1 mLmin
-1) and versus narrow Mn polystyrene standards.  
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Figure 2.28 % conversion versus time for runs 1-5 in Table 2.7. 
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Figure 2.29 Plots of ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time (5-140 hours) for runs 1-5 in Table 2.7. 
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Figure 2.30 Plot of kobs versus initiator concentration for the polymerisations conducted using 
Sn(OBu)2. 
However, there is an obvious problem in Figure 2.29: the lines do not pass through the 
origin but intersect the y-axis. This is related with the chosen reaction time (between 5 
hours to 140 hours). If earlier time points are examined (< 1.5 hours), another linear fit 
to the data is possible (Figure 2.31). From Figure 2.31, the intercepts of the two lines 
are much closer to 0. This suggests that the reaction has at least two stages. If the two 
different stages are plotted on one graph (Figure 2.32), the two lines for run 2 intersect 
at around 10 hours corresponding to a conversion of 55%. The conversion at this point 
is too high for it to be treated as the end of some initiation stage; however, it could 
perhaps correspond to the point at which the rate of transesterification side reactions 
begins to dominate. This is also observed in further MALDI-ToF investigations, which 
will be discussed in Section 2.2.3. After a few hours reaction, the conversion of the 
monomer still increased, but the Mn did not and the MALDI-ToF spectra showed the 
quantity of the transesterification product increased. To get more accurate conclusions, 
a more detailed collection of the data is needed, especially data for times within the first 
hour.  
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Figure 2.31 Plots of ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time (0-1.5 hours) for runs 2 and 4 from 
Table 2.7. 
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Figure 2.32 Plots of ln{([M]0-[M]eq)/([M]t-[M]eq)} versus time (0-140 hours) for runs 2 and 4 from 
Table 2.7. 
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Although these experiments do not clearly establish the rate law, they do establish that 
the ROP of compound 2.3 is an equilibrium reaction. The equilibrium concentration of 
the monomer is 0.22 M under these conditions: [M]0 = 1 M, toluene, 80 °C, under N2. 
2.2.2.4 Comparison of the Three Initiating Systems 
From Section 2.2.2.1 to Section 2.2.2.3, three different initiating systems for the ROP of 
compound 2.3 have been discussed. They all have advantages and disadvantages.  
For the Sn(Oct)2/ROH initiating system, the polymerisation rate is much slower than 
that of the other two system. So, higher monomer concentrations and reaction 
temperatures are needed. The advantage for this initiating system is that the 
transesterification reaction is not dominating the polymerisation reaction, and this leads 
to the narrow polydispersities and Mn increasing linearly with the monomer conversion.  
The LZnOEt initiating system is the fastest of the three systems and no heating is 
needed for this system. But LZnOEt has a short lifespan, which leads to a false 
equilibrium concentration of monomer.    
Sn(OBu)2 is the best of the three systems. The reaction can proceed in solution under 
mild heating and the reaction rate is reasonable. This reaction system establishes that 
the ROP of compound 2.3 is an equilibrium reaction.  
2.2.3 The Problems Associated with the Polymerisation 
Kinetics 
Although a lot of experiments have been aimed at determining the ROP kinetics of 
compound 2.3, we still have not adequately established the rate law. Why it is so 
difficult to do this? There are two major issues which complicate the kinetic analysis: 
the lack/low monomer ring strain and the two acetate functional groups on the monomer, 
which can be attacked by the initiator. 
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2.2.3.1 Ring Strain of the Monomer 
As mentioned in Chapter 1, the ring opening polymerisation can only occur if the 
Gibbs free energy of polymerisation, opG∆ , is negative or zero. The five membered ring 
is the most stable ring, and six-membered ring has more strain but the ring strain is still 
not all that large, especially when the number of substituents on the lactone ring 
increases. Compound 2.3 has two functional groups on C-2 and C-6, so the ring stain of 
the monomer is expected to be significantly less than that of δ-valerolactone.  
The low ring strain affects both the polymerisation thermodynamics (explaining why an 
equilibrium conversion of 78% is obtained using 1M solutions of monomer vs. > 95% 
for equivalent lactide ROP) and the kinetics.  Thus, the low ring strain monomers 
polymerise very slow.  In all lactone ROP there are intra- and intermolecular 
transesterification side reactions (see Figure 1.9). Normally, the transesterification side 
reactions are kinetically controlled, i.e. they only become significant at long reaction 
times and as the ROP approaches equilibrium. However, in the polymerisations using 
2.3, the transesterification side reactions are occurring to a significant degree even at the 
beginning of the reaction. 
2.2.3.2 Transesterification Reactions  
We believe that the transesterification reaction rate is of comparable magnitude to the 
propagation reaction rate when the ring strain is low, which makes the linear polymer 
only a small proportion of the product. To establish that the catalysts used were viable 
transesterification catalysts, two simple esters (benzyl acetate and methyl benzoate, 100 
equiv.) were mixed with a catalytic amount of the initiator (Sn(OBu)2 or LZnOEt, 1 
equiv.), and the reaction was monitored by 1H NMR spectroscopy. Figure 2.33 shows 
the reaction scheme for the transesterification reaction. From the 1H NMR spectrum 
(Figure 2.34), equilibrium was established in 1 hour (equilibrium conversion = 56%), 
when using LZnOEt as the catalyst. When Sn(OBu)2 was used, the reaction was much 
slower and reached equilibrium only after a few days. However, the reaction rates using 
the two metal complexes were both comparable with the times taken for the ring 
opening polymerisation of 2.3 using the same initiators, but were significantly longer 
than would be required for the ring opening polymerisation of lactide.  
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Figure 2.33 The reaction scheme for the transesterification reaction. (a) LZnOEt, CDCl3, RT; (b) 
Sn(OBu)2, d-benzene, 80 °C. 
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Figure 2.34 The 1H NMR spectrum of the transesterification reaction in CDCl3. Reaction condition: 
Benzyl acetate (100 equiv.), methyl benzoate (100 equiv.), LZnOEt (1 equiv.), RT, 1 hour. 
From the MALDI-ToF spectra and the lack of end groups in the 1H NMR spectra for the 
polymerisation of 2.3, the cyclic polymer was always the major product. Figure 2.35 
shows the MALDI-ToF spectra for the polymer initiated using Sn(OBu)2: there are 
three series of peaks. The linear polymer with a butyl ester end group only has a very 
weak signal in the MALDI-ToF spectrum (indicated by the triangles). On the other hand, 
the cyclic product (indicated by the circles) has intense peaks. The peaks marked by the 
rectangles have lost one acetyl group compared with the expected cyclic product 
(circles). This could either be caused by loss of one side group from the cyclic product 
or by formation of a branched linear chain, which will be discussed later. Although 
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MALDI-ToF is not a quantitative technique, the EPSRC National mass spectrometry 
service have stated that as the structures of the three polymers do not significantly differ, 
one would expect that the differences in peak intensity do correlate with the quantities 
of species present. Furthermore, the 1H NMR spectra of the polymers do not show any 
end group signals, consistent with the major species present being a cyclic product. 
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Figure 2.35 Plot showing the MALDI-ToF spectrum of run 4 in Table 2.7, obtained for 1:91 loading 
of initiator:2.3.  Open circles represent the cyclic polymer, open rectangles the cyclic polymer less 
an acetate group and open triangles the linear chains end-capped with butanoate ester and acetate 
groups.   
Why is the cyclic species always the major product? How does it form? In order to 
answer these questions it is necessary to consider in more detail the mechanisms for the 
intermolecular and intramolecular transesterifications. The initiator LZnOEt could 
attack both the ring carbonyl and the acetyl carbonyl groups (Figure 2.36). Attack at the 
lactone carbonyl groups leads to ring opening and formation of a propagating species 
(ROZnL) which can react with further equivalents of monomer to build up the polymer 
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chain. If the initiator attacks the acetyl carbonyl groups, two new initiators are formed 
(R’OZnL) as well as ethyl acetate. The reactions of ROZnL or R’OZnL with further 
equivalents of monomer leads to propagating polymer products labelled A and B 
respectively. 
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Figure 2.36 The initiator LZnOEt reacts with the monomer and forms new propagating species. 
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Figure 2.37 The propagating species (Figure 2.36) attack further equivalents of monomer. 
Considering the termination reactions which the propagating polymer products A and B 
can undergo, leads to a variety of products ranging from linear chains (1, 2, 4-7, 10 and 
11), branched chains (8, 9, 12 and 13 ) and cyclic products (3, 14 and 15).  If the 
propagating polymer products A or B react with an acetyl group on the monomer 
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(Figure 2.38), then polymers 1 or 2 are liberated (with an acetyl end group) and a new 
initiator generated at the same time, which could react with further equivalents of 
monomer. According to such a series of reactions, the conversion of the monomer will 
increase, but the Mn of polymer will not increase significantly. This reaction is one kind 
of intermolecular transesterification.  
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Figure 2.38 The transesterification of the propagating polymer chain with an acetyl group on the 
monomer. 
The intermolecular transesterification between different chains (e.g. 1 or 2) will not 
change the molecular structure, so is not illustrated, but will lead to a broadening of the 
polydispersity index.  
Another possible termination reaction of the propagating species (LZnOR / LZnOR’) is 
attack at one of the acetyl side groups on the polymer chain.  This will lead to formation 
of a branch on the polymer backbone (structures C and E) and if propagation continues 
from this branch point, then a branched polymer will result (structures D and F) (Figure 
2.39).  
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Figure 2.39 The transesterification between the propagating chain and the side groups on the 
polymer. 
Finally, if the propagating polymer chain undergoes an intramolecular 
transesterification reaction (Figure 2.40) it will form cyclic polymers and branched 
polymers. If the propagating zinc alkoxide end group attacks a carbonyl group on the 
polymer backbone, a cyclic polymer will be formed (species 3 in Figure 2.40). If it 
attacks one of the acetyl the side groups, then a branched polymer may be formed 
(structures G and H in Figure 2.40). 
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Figure 2.40 The intramolecular transesterification. 
As discussed above, the propagating polymer chain could react by transesterification 
with either a carbonyl group on the lactone ring or on the polymer backbone, or with the 
carbonyl group of the acetate side groups. This leads to polymers having various 
different structures. Unlike the polymer products 1 to 3, the other polymer structures (A 
to H) have active initiating sites. When the reaction is quenched, these positions will 
react with H2O and form hydroxyl groups. The molecular mass of these structures could 
be expressed in different ways depending on the different end groups. The following 
figures summarize the possible structures.  
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Figure 2.41 The possible linear polymer structures of P2.3.  
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Figure 2.42 The possible cyclic structures of P2.3. 
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Table 2.8 The relative molecular mass (RMM) of different structures. 
RMM series End Group a TEb RMM formula c Product 
1 m = 0 46+230n 4 
2 
O
(P)n(P-Ac)m H
 m > 0 46+230n-42m 6, 8 
3 m = 0 -42+230n 5 
4 
RO
(P)n-1(P-Ac)m H
 m > 0 -42+230n-42m 7, 9 
5 m = 0 88+230n 1 
6 
O
(P)n(P-Ac)m
O  m > 0 88+230n-42m 10, 12 
7 m = 0 230n 2 
8 
RO
(P)n-1(P-Ac)m
O  m > 0 230n-42m 11, 13 
9 m = 0 230n 3 
10 
(P)n(P-Ac)m
 m > 0 230n-42m 14, 15 
(a) P stands for the ring opened monomer 2.3, P-Ac is the ring opened monomer 2.3 missing one 
acetyl group by transesterification reaction, OR is the monomer 2.3 losing one acetyl group either 
at C-2 or C-6 as shown in Figure 2.41. (b) This only indicates the transesterification of an acetate 
group on the polymer chain. (c) n is the number of the repeating units, m is the number of acetate 
groups which have undergone transesterification and which have lead to hydroxyl groups after 
quenching, in most cases, m=1. 
From Table 2.8, the RMM for the series 7 and 9 and 8 and 10 (corresponding to 
polymer products 2 and 3 and 11, 13, 14 and 15) will be the same (i.e. the series have 
the same RMM formulae, respectively).  When m = 1 (i.e. one acetate group has been 
transesterified on the polymer backbone), the RMM for series 8 and 10 is equal to -42 + 
230 n, which is same as the formula for series 3.  In fact, the loss of a single acetate 
group is by far the most common outcome and so in most cases the polymers belonging 
to series 3, 8 and 10 (i.e. products 5, 11, 13, 14 and 15) are indistinguishable by 
MALDI-ToF mass spectrometry. This means that even though the MALDI-ToF shows 
the accurate molecular weight of each polymer series, it is still not always possible to 
precisely assign the polymer structure/end groups giving rise to that series. For example, 
a MALDI-ToF peak that has a molecular weight of 2323 [M + Na]+, which corresponds 
to the RMM series 7 and 9 (230×10+23), could either be a cyclic polymer (product 3) or 
a linear polymer (product 2).  We propose that transesterification reactions should occur 
more rapidly between the metal alkoxide and the lactone or backbone ester carbonyl 
group because the latter is activated.  This activation occurs because it has an acetate 
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group bound at the alpha position which is electron withdrawing and as such activates 
the ester to nucleophilic attack.  On the other hand, the transesterification reaction with 
the backbone acetate substituents should be slower. Indeed, there is literature precedent 
that the acetate functionality can be recalcitrant to transesterification reactions using 
catalytic quantities of metal complexes (e.g. Sn(II) or Zn(II) salts) due to the lack of 
activation of the acetate group.121  According to such a rationale, the propagating 
species (i.e. zinc alkoxide terminated polymer chain) is more likely to attack the ring or 
backbone ester than the acetate side group, therefore in the polymer products 3 and 4 
should be the most favourable, as all the other polymer products result from the 
transesterification reaction between the initiator/propagating species and the acetate side 
groups. This kinetic differentiation between the ester groups (i.e. backbone/ring ester 
transesterifies faster than acetate side group) accounts for the observation by MALDI-
ToF spectrometry and 1H NMR spectroscopy that the major product is a cyclic polyester 
(product 3). All the RMM series in Table 2.8 have been observed in MALDI-ToF 
spectra (Figure 2.44, Figure 2.45), but series 1 and 2 usually have very low intensity and 
are hardly observable. 
2.2.3.3 Monitoring the Polymer Products as the Polymerisation 
Proceeds 
The polymerisation of monomer 2.3 was monitored by the MALDI-ToF spectrometry to 
compare the differences in polymer compositions at different reaction times. The 
reaction was initiated using the LZnOEt initiator (1 equiv.), and the monomer 
concentration at time zero was 1 M (100 equiv.). The reaction was also monitored by 
GPC (CHCl3) and 
1H NMR. The following table (Table 2.9) shows the details of this 
reaction.  
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Table 2.9 The polymerisation of monomer 2.3 initiated by LZnOEt in CHCl3 at room temperature 
([2.3]0 = 1 M, 2.3:LZnOEt = 100). 
Aliquots Reaction time/h Conversion / % a Mn (GPC) (PDI) 
b 
Mn (Calc.) 
c 
1 0.58 27.7 5873 (1.24) 6371 
2 1.03 32.8 6101 (1.25) 7544 
3 3.17 47.5 6245 (1.27) 10925 
4 6.58 60.1 5547 (1.39) 13823 
5 23.0 76.6 5525 (1.38) 17618 
6 47.5 76.5 4939 (1.51) 17588 
7 69.0 76.6 4994 (1.51) 17616 
(a) All the conversions were derived from 1H NMR spectra using integration of peaks at 5.45 and 
4.68 ppm for monomer and peaks between 5.35 and 4.85 ppm for polymer respectively. (b) 
Determined by GPC using CHCl3 (1 mLmin
-1) and versus narrow Mn polystyrene standards. (c) 
Calculated by multiplying the molecular weight of the repeating unit (2.3) by the production of the 
monomer loading and conversion.  
From Table 2.9, the monomer conversion (calculated from the 1H NMR spectra) 
increased with time until 23 hours. The conversion did not change after 23 hours, which 
indicated the reaction had reached equilibrium; the equilibrium conversion is 76.6%, in 
good agreement with previous reactions. The Mn determined by GPC increased slightly 
from time zero to 3 hours, but after this point the Mn did not increase significantly, 
although the monomer conversion was still increasing. The PDI of the polymer samples 
began to increase after 3 hours, which is normally is a sign of transesterification side 
reactions. The MALDI-ToF spectrum of aliquot 1 (Figure 2.44) shows three series of 
peaks. The RMM of the major species (labelled as A) corresponds to the RMM formula 
for series 9 or 7 in Table 2.8 (230 n, m = 0), which is most likely represented as a cyclic 
polymer.  There is another series of peaks is due to polymer product 1 (labelled as B) 
and a third series (labelled as C) has RMM expressed by the RMM formula for series 8 
and 10 in Table 2.8 (230n-42m, m = 1, the product could be polymer structure 11, 13, 
14 or 15), as well as by the RMM formula for series 3 in Table 2.8 (polymer product 5). 
A fourth series of peaks (labelled as D) can be represented by the RMM formula 230 n 
+ 18, the molecular structure corresponds to polymer product 16. Such a series is not 
formed by transesterification reactions, but rather forms due to initiation by water, 
however, it should be noted that this is only a very minor (low intensity) product series.  
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Figure 2.43 The structure of product 1 and 16. 
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Figure 2.44 The MALDI-ToF spectrum of aliquot 1 (Table 2.9). 
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Figure 2.45 The MALDI-ToF spectrum of aliquot 7 (Table 2.9). 
From aliquot 1 to 7 (the annotated MALDI-ToF spectra of aliquots 2 to 6 are included 
in the Appendix II), the intensity of the series of peaks B and D decrease with time; 
these peaks completely disappear after 23 hours (aliquot 5). The intensity of the peaks 
with the RMM formula of 230 n – 42 m (m = 1) (C series) increase with time, and there 
is a new series of peaks (E series, in Figure 2.45) with the RMM formula of 230 n – 42 
m (m = 2).  
Comparing the MALDI-ToF spectra at low conversions (shorter times) with those at 
higher conversions (longer times), the degree of side chain acetate group 
transesterification increases with time.  However, the major product was always the A 
series.  As we have previously proposed that the initiating/propagating species will 
attack the lactone/backbone ester group more rapidly than the acetate group, the A 
series of peaks is most likely to correspond to a cyclic polymer structure (product 3) 
rather than the linear polymer product 2. From the GPC, the Mn stopped increasing with 
conversion (at about 50% conversion) and the PDI increased significantly as well, 
which supports the notion that the transesterification side reactions become significant 
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after a few hours of reaction. The transesterification reactions make it difficult (perhaps 
impossible) to form long linear polymers and also explain the complex ROP kinetics. 
2.2.4 Co-polymerisation of Compound 2.3 with L-Lactide 
The random copolymer of compound 2.3 and L-lactide was prepared with an ultimate 
view to using it as a matrix material for cell culture or as a degradable vector for 
delivery applications. The zinc initiator (LZnOEt) was chosen as zinc complexes are 
very common in the human body and furthermore, many zinc complexes are non-toxic 
to human cells.122 THF was used as the reaction solvent, as both compound 2.3 and L-
lactide have good solubility in it and the polymer product is also expected to dissolve in 
this solvent (both PLLA and P2.3 dissolve in THF).  
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Figure 2.46 The copolymerisation of compound 2.3 and L-lactide. (a) RT, THF, LZnOEt, N2. 
Stock solutions of compound 2.3 and L-lactide were made separately by dissolving them 
in THF, then known amounts of the stock solutions were added into an oven dried vial 
and a known volume of the LZnOEt stock solution was added. The total molarity of the 
solution was adjusted so that the total molar concentration of the two monomers was 
1M. The reaction was stopped after 15 minutes by being taken out of the glove box, 
exposed to air and addition of wet diethyl ether (i.e. straight from the Winchester) 
caused precipitation of a polymer product. All the solvents were removed and the crude 
product was analysed by 1H NMR spectroscopy. The 1H NMR spectrum of the crude 
product showed a significant quantity of 2.3 remained unreacted, despite all the L-
lactide having been consumed. It is known that the L-lactide polymerises in minutes (at 
1:100 and 1M concentration in THF) whereas 2.3 took more than 1 hour to polymerise 
under equivalent conditions. Considering such relative rates of polymerisation 
(reactivity ratios), it is reasonable that all the L-lactide was consumed while 2.3 was 
only partially converted. The copolymer was purified by repeated dissolution and 
precipitation using CHCl3 and diethyl ether. The 
1H NMR spectrum of the purified 
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copolymer showed a lower loading of repeat units deriving from 2.3 than expected on 
the basis of the reaction stoichiometry, consistent with the relative rates of 
polymerisation of the monomers and the crude 1H NMR spectra. The relative loading of 
ring opened 2.3 and L-lactide was calculated by integrating the polymer peaks from 4.0 
ppm to 4.5 ppm (due to the 2 protons on C-6 in ring opened 2.3) and the polymer peaks 
from 4.9 ppm to 5.5 ppm (due to the 2 methyne protons on each L-lactide unit and H-2 
and H-5 in ring opened 2.3). Table 2.10 shows the starting ratios of the monomers (2.3: 
L-lactide) and the ultimate loading of ring opened 2.3 in the copolymer. It should be 
noted that the GPC data were calibrated using narrow molecular weight polystyrene 
standards and no correction factor has been applied. 
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Figure 2.47 1H NMR spectrum of the copolymer of 2.3 and L-lactide in CDCl3. 
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Table 2.10 Copolymerisation of 2.3 and L-lactide, initiated by LZnOEt in THF at room 
temperature, [L-lactide] + [2.3] = 1 M. 
run 2.3:LA:LZnOEta 2.3 % (M/M)b 2.3 % (w/w)c Mn (GPC)
d PDI 
1 100: 200:1 17.1 24.8 33850 1.51 
2 50: 250:1 7.4 11.3 57380 1.59 
3 25: 275:1 3.8 5.9 63100 1.71 
4 10: 290:1 0.9 1.4 95800 1.36 
5 0: 300:1 0 0 109400 1.40 
(a) The loadings of monomers to initiator. (b) The molar ratio of the ring opened 2.3 in the 
copolymer which is determined by dividing the integration the polymer peaks from 4.0 ppm to 4.5 
ppm (ring opened 2.3, H-6 and H-6’) by the polymer peaks from 4.9 ppm to 5.5 ppm (copolymer 
peaks, two methyne protons on lactide, H-2 and H-5 of ring opened 2.3). (c) The weight ratio of the 
ring opened 2.3 in the copolymer which is calculated from the molar ratio. (d) Mn measured by the 
GPC (CHCl3) using polystyrene as the standard. 
Table 2.10 shows the copolymer’s PDIs are quite broad, and the Mn increases 
significantly when the copolymer has a higher L-lactide incorporation.  There are 
probably two reasons for this increase in Mn.  Firstly, there are more equivalents of 
monomer reacted when the loading of L-lactide is higher (the calculated Mn increases as 
the loading of L-lactide:2.3 increases because L-lactide is completely converted, 
whereas 2.3 is only partially converted) and secondly the copolymers will have different 
correction factors vs. the polystyrene standards as the compositions change. Poly(L-
lactide) itself is known to require a correction factor of approximately 0.58 when 
polystyrene calibrants are used in THF.123 
2.2.5 Thermal Characterisation of the Polymers 
Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) has 
been used to characterise the polymer (P2.3) and copolymers produced from monomer 
2.3 and L-lactide (RP(2.3-LA)). This is particularly important as any processing 
scenario must take into consideration the thermal stability of the materials.  Also, the 
crystallinity of the polymer/copolymer will have important implications for applications 
and degradation of the materials.   
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2.2.5.1 Homopolymer-P2.3 
The TGA plot shows the homopolymer is stable up to 200 °C. The polymer begins to 
lose weight above 230 °C. In all the DSC measurements, the temperature range is -40 
°C to 200 °C. Therefore, the TGA indicates that the polymer will not decompose within 
this temperature range.  
 
Figure 2.48 The TGA plot of a homopolymer (P(2.3)) (Mn = 2920, PDI = 1.26). 
As a range of homopolymer samples have been prepared with varying molecular 
numbers, the glass transition temperatures of these samples have been measured. The 
polymer molecular weight is known to influence the glass transition temperature, so the 
glass transition temperatures (Tg) of these samples are not identical. In 1950, Fox and 
Flory found that the main effect of varying N (degree of polymerisation) is a shift of the 
glass transition temperature (Equation 2-4), where Tg(∞) is the glass transition 
temperature for infinite molecular weight and C is a constant.124 
Equation 2-4                                   
N
C
TT gg −∞= )(   
As the degree of polymerisation can also be expressed as the molar molecular number 
divided by the relative molecular mass of the repeat unit, Equation 2-4 can also be 
expressed in the following way, 
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Equation 2-5                                   
n
gg
M
C
TT
'
)( −∞=   
Table 2.11 The Tgs of the homopolymer as a function of the Mn. 
Homopolymer Mn (GPC) 
a 
Tg (DSC) 
b/°C 
1 7670 25.3 
2 4880 22.3 
3 2920 17.9 
(a) The Mn was determined by GPC (CHCl3, 1 mLmin
-1) using polystyrene narrow molecular 
weight standards and no correction factor was used.  (b) The Tgs were measured by DSC. Samples 
were scanned from −40 to 200 °C at a rate of 10 °C/min and cooled at the rate of 10 °C/min. Each 
sample was run for two heating–cooling cycles. The transition temperatures reported are taken 
from the second cycle. 
To determine the Tg(∞), the reciprocal of the Mn and the measured Tg for the three 
homopolymer samples (Table 2.11) were plotted (Figure 2.49). From the plot, the Tg(∞) 
is extrapolated to 302.8 K, which is 29.6 °C. The homopolymer is completely 
amorphous and has no melting temperature. 
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Figure 2.49 Plot of the glass transition temperature versus reciprocal Mn plots. 
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2.2.5.2 Random Copolymer-RP(2.3-LA) 
The glass transition temperatures of copolymers are expected to obey the Fox 
Equation,125 
Equation 2-6                                     
bg
b
ag
a
g T
w
T
w
T ,,
1
+=  
where Tg,a is the glass transition temperature of homopolymer a; Tg,b is the glass 
transition temperature of homopolymer b; wa is the weight fraction of monomer a; wb is 
the weight fraction of monomer b. In this case, homopolymer a is a homopolymer of 2.3 
(P2.3), and Tg,a(∞) is 29.6 °C (302.8 K); homopolymer b is PLLA, and Tg,b(∞) is 57.8 
°C (331.1 K) - the Tg,b(∞) was determined by measuring the PLLA homopolymer 
(monomer:initiator, 300:1) under the same conditions as for the copolymers, the value 
agrees well with literature values for PLLA Tg.
11  
Table 2.12 The Tg measured by DSC and the calculated Tg from the Fox equation for the random 
copolymers RP(2.3-LA). 
Copolymer 2.3 % (w/w) Tg Calc. (°C) 
a 
Tg (°C) 
b 
Tm (°C) 
c 
1 61.5 36.4 35.0 N 
2 34.7 43.4 43.1 N 
3 24.8 46.8 46.0 N 
4 11.3 52.2 52.2 155.7 (145.0) 
5 5.9 54.7 53.7 160.5 (151.4) 
6 1.4 57.0 55.1 167.2 
(a) The Tg is calculated from the Fox equation for the random copolymers RP(2.3-LA); (b) The 
measured Tg for the copolymer. (c) The measured Tm  (melting temperature) for the copolymer. 
The DSC results show that the glass transition temperatures of the copolymers increase 
as the L-lactide proportion increases. Comparing the calculated Tg (from the Fox 
equation, where the Tg for the homopolymers are 29.6 °C and 57.8 °C, respectively) 
with the Tgs measured by DSC, the calculated values are almost equal to the measured 
values (the values are within 2.0 °C of the theoretical values). For the first three 
copolymer samples, no melting temperatures were observed; but for samples 4 and 5, 
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there are two peaks which are assigned as melting peaks. This suggests there is some 
microphase separation of the L-lactide and 2.3 portions in copolymers 4 and 5.  We 
propose that the first low intensity melting peak (the one in the brackets) is caused by 
melting of some lower order/semi-crystalline region. Whereas, the significantly more 
intense melting peak, was the real melting peak of the copolymer. Compared with the 
melting temperature of PLLA, the melting temperatures of the copolymers are lower. 
This is caused by the lower crystallinity of the L-lactide portion in the copolymer 
compared to PLLA. For sample 4 (Figure 2.50), the first melting peak is approximately 
30 °C less than PLLA’s melting temperature. This suggests that when the L-lactide 
incorporation is high enough (> 80 %, w/w), there is microphase separation in the 
copolymers. When the proportion of compound 2.3 exceeds 20 %, w/w, there is no 
microphase separation in the copolymer, thus no melting temperature was observed. 
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2.2.6 Degradation of the Copolymers 
One of the rationales behind the incorporation of carbohydrates into these aliphatic 
polyesters was to modify the degradation rates. It is well known that PLLA is slow to 
degrade and this can be problematic for certain applications.2,126  Furthermore, solid 
samples of PLA (e.g. for packaging or bulk biomedical applications) need to be above 
the glass transition temperature (56 °C) in order for the degradation to proceed at all.2,126 
This creates some significant problems for PLA application and marketing as 
degradation will only actually occur in industrial composting conditions and not using 
domestic composting.  For biological applications there are also applications for which 
faster PLA degradation could be beneficial.5 
The incorporation of 2.3 into copolymers with L-lactide is expected to increase the 
degradation rate compared to polylactide as it will increase the hydrophilicity (water 
uptake) of the material. Furthermore, we have already shown that the copolymers have 
decreased Tg and Tm versus PLLA which will further facilitate water uptake and 
increase the degradation rate. The degradation was monitored using GPC as this enabled 
in situ determination of the change of Mn of the samples and also gave a clear indication 
of complete consumption of the copolymer.  The copolymers were dissolved in THF 
and phosphate buffered saline solution (PBS, 24 mM Na2HPO4 and 16 mM KH2PO4 in 
0.9% NaCl, pH = 7.4, 0.1 mL) was added to the samples. The samples were regularly 
monitored by GPC.   
The degradation of aliphatic polyesters has been studied by a number of groups.127-133 
The majority of these studies have focussed on the degradation of PLA.  This can be 
accomplished under neutral conditions which simulate the environment in vivo, by 
dissolving the PLA in a suitable organic solvent and addition of water. To ensure that an 
autocatalytic mechanism does not occur (as the degradation product itself is acidic) PBS 
buffer is added, this ensures that at all stages the degradation remains under neutral pH. 
The analysis of the degradation data was based on the assumption that the degradation 
occurs by a random chain scission mechanism,127 which is widely accepted for other 
aliphatic polyester degradations.133 Liu et al. showed that for PLA the number-average 
degree of polymerisation at time t (Xt) can be related to the starting degree of 
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polymerisation (X0), the time and the degradation rate constant (kx) according to 
Equation 2-7.133    
Equation 2-7                                         tk
X
X
X
X
x
t
t −
−
=
−
0
0 1ln
1
ln  
Where X0 is the number-average degree of polymerisation of polymer at the initial time; 
Xt is the number-average degree of polymerisation at time t; kx is the degradation rate 
constant.  
Using Equation 2-7, plots of ln{(Xt-1)/Xt} versus time were made for the various 
copolymers (Figure 2.51), the gradients of the linear fits to the data correspond to – kx.  
The rate constants are compared in Table 2.13. 
Table 2.13 The data of the polymers at time zero, the degradation rate constant and the correlation 
coefficient of the linear fits in Figure 2.51. 
run 
Loadinga 
2.3:LA:LZnOEt 
2.3 %b 
(M/M) 
2.3 %c 
(w/w) 
Mn
d 
(GPC)  
PDI kx
e / - 10-4 R2 
1 100: 200:1 17.1 24.8 33850 1.51 4.2 0.98 
2 50: 250:1 7.4 11.3 57380 1.59 3.1 0.99 
3 25: 275:1 3.8 5.9 63100 1.71 2.4 0.99 
4 10: 290:1 0.9 1.4 95800 1.36 1.3 0.99 
5 0: 300:1 0 0 109400 1.40 1.0 0.99 
(a) The loadings of monomers to initiator used in the ROP. (b) The molar ratio of the ring opened 
2.3 in the copolymer, which is determined by dividing the integration the polymer peaks from 4.0 
ppm to 4.5 ppm (ring opened 2.3, H-6 and H-6’) by the polymer peaks from 4.9 ppm to 5.5 ppm 
(copolymer peaks, two methyne protons on lactide, H-2 and H-5 of ring opened 2.3). (c) The weight 
ratio of the ring opened 2.3 in the copolymer which is calculated from the molar ratio. (d) Mn 
measured by the GPC (CHCl3) using polystyrene as the standard. (e) kx  from the gradients of the 
plots in Figure 2.51. 
From the graphs, as the quantity of 2.3 in the co-polymer increases (going from polymer 
4 to polymer 1), so the degradation rate increases; the homopolymer of L-lactide 
(sample 5) has the slowest degradation rate. This effect could be due to the greater 
hydrophilicity of 2.3 compared to lactide which is expected to increase the rate of 
hydrolysis of the ester linkages. This ability to control the degradation of the copolymer 
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by changing the compositions could have a range of potential uses, for example in drug 
delivery/controlled release there is a need to develop more rapidly degradable excipients 
than PLA.2,126    
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Figure 2.51 Plots of ln((Xt − 1)/Xt) versus time for copolymers 1-5 (Table 2.13). 
2.3 Conclusions 
In this chapter, the preparation and characterisation of a new functionalised lactone (2.3) 
derived from D-glucono-1,5-lactone has been described. The monomer, 2.3, was 
successfully synthesised in high yield from D-gluconolactone using a two step 
procedure with an excellent overall yield (81 %). The new lactone was fully 
characterised by NMR spectroscopy, mass spectrometry, elemental analysis and X-ray 
crystallography. The lactone was a racemic mixture, with a syn orientation of the two 
acetate functional groups and the ring being in a boat conformation. The ring opening 
polymerisation of the new monomer, 2.3, was investigated using initiating systems 
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which had good precedent for lactide polymerisation (Sn(Oct)2/ROH, Sn(OBu)2, 
LZnOEt). The monomer has only low ring strain and has two acetyl functional groups, 
which makes the ring opening polymerisation difficult, but it was nonetheless 
successfully accomplished using all the initiating systems. This is actually a remarkable 
result as many other groups have found that substituted δ-lactones are difficult to 
polymerise.134,135 The polymerisation is an equilibrium reaction and at 80 °C in toluene 
([M]0 = 1 M), the percentage monomer conversion is 78 %. The major product of the 
polymerisation, using all initiating systems and under all reaction conditions tested, was 
a cyclic polymer.  This was established by a lack of end groups in the 1H NMR 
spectrum of the polymer and by MALDI-ToF mass spectrometry.  This is proposed to 
form by an intramolecular-transesterification reaction.  It is proposed that the rate of 
propagation (i.e. ring opening leading to formation of a linear chain) is of the same 
order of magnitude as the rate of transesterification leading to significant quantities of 
cyclic polymer being formed.  The transesterification of the acetate side groups occurs 
more slowly and so is only significant if the reaction is left at equilibrium for an 
extended period. The polymer is thermally stable up to 200 °C, and the glass transition 
temperature is 29.6 °C. The polymer is hydrophilic with a static water contact angle 
about 33° and the degradation of this polyester should be faster than polylactide due to 
its hydrophilicity.  
Random copolymers of the new monomer and L-lactide were synthesised and 
characterised by NMR spectroscopy and GPC.  The experimentally determined glass 
transition temperature of the copolymers are in good agreement with the calculated 
glass transition temperature (using the Fox equation), which indicates that the use of 1H 
NMR integration to determine the composition of the copolymer is accurate. The 
degradation of the copolymers was examined under neutral, aqueous conditions using 
GPC to monitor the change in molecular number (degree of polymerisation) with time.  
The study showed that the new monomer accelerated the copolymer degradation, which 
may be caused by the new monomer being more hydrophilic than lactide. By altering 
the loadings of lactide and the new monomer in the copolymer, the degradation rate 
could be controlled; this property could be very useful for drug delivery and degradable 
packaging applications.   
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3.1 Introduction 
As mentioned in Chapter 1, aliphatic polyesters have been attracting considerable 
attention as sustainable alternatives to commodity plastics. The most widespread and 
commercially viable polyester is polylactide (PLA), produced by the ring opening 
polymerisation of lactide, which itself derives from biomass. PLA is used in disposable 
consumer articles as well as fiber applications, a key advantage being its hydrolysis to 
lactic acid, a metabolite in the carboxylic acid cycle.2,10,11 PLA is an FDA approved 
polymer for use in therapy and it has been used for some time in biomedical 
applications such as sutures, stents, dental implants, vascular grafts, bone screws and 
pins. PLA has been widely used in the field of tissue engineering as a scaffold material 
to support cell and tissue growth136-138 and also been investigated as a vector for drug 
delivery, for example in the long-term delivery of anti-microbial drugs, contraceptives 
and prostate cancer treatments.139  However, PLLA is unsuitable for many applications 
due to its high crystallinity, brittleness, hydrophobicity, lack of total absorption and 
thermal instability. It is therefore important to develop strategies and syntheses of 
functionalised PLLA materials and in particular to develop routes to functionalise it 
with biologically relevant and compatible molecules. A solution to this challenge is the 
synthesis of biodegradable polyesters incorporating carbohydrate groups. Our solution 
was to use a carbohydrate hydroxyl group to co-initiate the controlled polymerisation of 
L-lactide, thereby introducing functionalised carbohydrate end groups to the PLLA.   
D-Glucopyranosides and D-galactopyranosides protected with alkyl ether, benzyl ether 
or isopropylidene acetal groups have precedent as co-initiators for cyclic ester ring 
opening polymerisation in combination with either lipases, metal complexes or 
Bronsted acids.28-35 Also, Kricheldorf et al. used stannylenated glycopyranosides as 
cyclic initiators for ε-caprolactone polymerisation and the synthesis of biodegradable 
network polymers.36 However, the previous studies were limited to hexose co-initiators 
and few were controlled polymerisations. Furthermore, the materials produced had Mn 
limited to 10, 000 which restricted applications requiring any mechanical strength for 
the materials.   
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In this chapter, the application of a series of carbohydrates as co-initiators for the 
controlled polymerisation of lactide producing PLLA end-capped with highly 
functionalised groups are reported. This is a sustainable route to polymers synthesised 
from renewable resources as well as yielding novel materials for applications in tissue 
engineering.  Different types of carbohydrate co-initiators were investigated including 
aldonate esters and pyranoses.  The co-initiation using  monosaccharides was known as 
some hexoses had been investigated previously,28-36 however pentoses, e.g. D-
xylopyranose and 2-deoxy- D-ribopyranose, and aldonate esters were not previously 
researched. The use of different co-initiators yielded PLLAs end capped with a range of 
carbohydrates and illustrated the influence of the initiator structure on the 
polymerisation rate. All the monosaccharide co-initiators were well defined compounds 
which were synthesised in high yield from natural carbohydrates.  They each had one 
free hydroxyl group to initiate the lactide polymerisation and the remaining hydroxyl 
groups were protected by acetyl, O-benzyl ether and isopropyl acetal groups. 
3.2 Results and Discussion 
3.2.1 The Co-initiator Syntheses 
The co-initiators used for the lactide polymerisation are shown in Figure 3.1. These 
compounds are derived from D-glucono-1,5-lactone, D-xylonolactone, D-xylose and 2-
deoxy-D-ribose.  
O OH
O
OBn
OBn
OBn
3.1 3.2
O OH
OAcAcO
OAc
O
OBnBnO
OBn
OH O OH
O
O
OHO
OAc OAc
OAc
OAc
O
3.3 3.4 3.5  
Figure 3.1 The structures of the co-initiators. 
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3.2.1.1 Methyl-2,3,4,6-tetra-O-acetyl-D-gluconate, 3.1 
The synthesis scheme of compound 3.1 is shown in Figure 3.2 and is an adaptation of 
the literature route.93 It began with the acetylation of D-gluconolactone (2.1)93, then the 
2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone (2.4) was treated with para-toluene 
sulfonic acid (p-TSA), in methanol, at 30 °C for a few hours. The product (3.1) was 
purified by column chromatography (silica gel, ethyl acetate: petroleum, 1:1), to give 
white crystals in 86% yield. The product was characterised by 1H NMR spectroscopy 
and the observed resonances were in agreement with the literature values.93 The singlet 
at 3.76 ppm provides clear evidence of the formation of the methyl ester. The melting 
temperature of this product was 113 °C, which is in good agreement with the literature 
value.93 
O O
OHHO
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HO
O O
OAcAcO
OAc
AcO
3.1
OHO
OAc OAc
OAc
OAc
O
2.1 2.4
a b
 
Figure 3.2 The synthesis scheme for compound 3.1. (a) Ac2O, TFA, RT, 3 h, 97%; (b) p-TSA, 
MeOH, 30 °C, 5 h, 86%. 
3.2.1.2 Methyl-2,3,4-tri-O-benzyl-D-xylonate (3.2) and 2,3,4-Tri-O-
benzyl-D-xylopyranose (3.4) 
Compounds 3.2 and 3.4 were synthesised from D-xylose, as illustrated in Figure 3.3. 
Firstly, the hydroxyl groups were protected with benzyl groups, then the benzyl group at 
the anomeric position was removed, using aqueous acid, to form the product 3.4. 
Compound 3.4 was oxidized forming 2,3,4-tri-O-benzyl-D-xylonolactone 3.8, which 
was opened by reacting with acidified methanol forming compound 3.2. The synthetic 
details for the preparation of compounds 3.4, 3.7 and 3.8 will be discussed in more 
detail in Chapter 4 (nominated as 4.10, 4.12 and 4.11 respectively). Compound 3.2 was 
synthesised from 3.8 using the similar conditions as used for the synthesis of compound 
3.1.93 The product 3.2 was purified by column chromatography (silica gel, toluene: 
ethyl acetate, 2:1), and white crystals were isolated in 60% yield. The product has not 
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been reported previously, the backbone protons were assigned using the 2D COSY 
spectrum; the assignment of the 1H NMR spectrum is shown in Figure 3.4. The singlet 
at 3.63 ppm is indicative of the formation of the methyl ester. Product formation was 
further confirmed by chemical ionization (CI) mass spectrometry. The elemental 
analysis also establishes the compound purity, with calculated values being in excellent 
agreement with the experimentally observed values. 
O OH
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O OBn
OBnBnO
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b
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OBn
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3.43.6
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3.8  
Figure 3.3 The synthesis of compounds 3.2 and 3.4. (a) NaH, BnBr, DMF, 0 oC, 4 h, 56%; (b) 
CF3COOH aq., 35 
oC, 71%; (c) Pd(OAc)2, PPh3, dry THF, K2CO3, PhBr, reflux, 65 
oC, 6 h, 94%; (d) 
MeOH, p-TSA, 60%. 
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Figure 3.4 The 1H NMR spectrum of compound 3.2 in CDCl3. 
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3.2.1.3 2,3,4-Tri-O-acetyl-D-xylopyranose, 3.3 
O OH
OHHO
OH
a
O OAc
OAcAcO
OAc
3.6 3.9
b
O Br
OAcAcO
OAc
c
O OH
OAcAcO
OAc
3.10 3.3  
Figure 3.5 The synthesis of compound 3.3. (a) Ac2O, TFA, RT, 10 h, 99%; (b) HBr, AcOH, DCM, 0 
oC, 2 h, 96%; (c) hexane (wet), 15%. 
2,3,4-Tri-O-acetyl-D-xylopyranose 3.3 was also synthesised from D-xylose, as 
illustrated in Figure 3.5. The first step was a standard per-acetylation reaction;93 the 
yield was quantitative. The second step, a bromination, was accomplished by adapting a 
literature procedure,140 giving 96% yield. However, the 2,3,4-tri-O-acetyl-D-
xylopyranose bromide 3.10 was not stable and reacted with water during a re-
crystallization in hexane, producing 2,3,4-tri-O-acetyl-D-xylopyranose 3.3. This 
decomposition was confirmed by the pH of the solvent; as HBr was eliminated, the pH 
changed from neutral (pH = 7) to acidic (pH < 1). The decomposition also caused other 
side reactions (the sugar substrate was burned by the strong acid), resulting in a low 
yield (15%). The crude mixture was separated by column chromatography (silica gel, 
ethyl acetate:hexane, 1:1), and 2,3,4-tri-O-acetyl-D-xylopyranose 3.3 (Rf = 0.2) was 
isolated as both α and β anomers (yield, 15%; α:β = 5:3).The resonances of the protons 
were assigned by the COSY spectrum and the 1H NMR spectrum of 3.3 is shown in 
Figure 3.7. Product formation was further confirmed by chemical ionization (CI) mass 
spectrometry. It was discovered that washing 3.3 with solvent (ethyl acetate:hexane, 1:1) 
resulted in only the α anomer being obtained. The 1H NMR spectrum of the α anomer is 
shown in Figure 3.8.  
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Figure 3.6 The chemical shifts in 1H NMR spectrum of compound 3.3. 
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Figure 3.7 1H NMR spectrum of 3.3 in CDCl3, mixture of anomers. 
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Figure 3.8 1H NMR spectrum of 3.3 in CDCl3, α anomer only.  
3.2.1.4 3,4-O-Isopropylidene-2-deoxy-D-ribopyranose, 3.5 
3,4-O-Isopropylidene-2-deoxy-D-ribopyranose 3.5 was synthesised from 2-deoxy-D-
ribose, using a well established synthesis.141,142 The product was also a mixture of α and 
β anomers (α:β, 2:1). The 1H NMR spectrum was in accordance with the literature142 
and CI mass spectrum confirmed the formation of the desired product. 
CH2CHO
H OH
H OH
CH2OH
O OH
O
O
a
3.53.11  
Figure 3.9 The synthesis of compound 3.5. (a) 2-Methoxypropene, pyridinium tosylate, dry EtOAc, 
3 h, RT, 56%. 
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3.2.2 The Polymerisation of L-Lactide 
The controlled lactide polymerisation and end group functionalisation of the PLLA was 
achieved using an initiating system comprising an alkyl zinc complex (LZnEt where L = 
2,4-Di-tert-butyl-6-{[(2’-dimethylaminoethyl)methylamino]methyl}phenolate) and the 
carbohydrate alcohol co-initiators mentioned above. The alkyl zinc (LZnEt) / alcohol 
initiating system had previously shown very high rates and excellent control in lactide 
ROP using ‘simple’ alcohols, e.g.  ethanol or benzyl alcohol.78  The key to its success 
was the ancillary ligand (L) coordinated to the zinc centre which prevented aggregation 
of the zinc alkoxide initiator. In this study, functionalised alcohol co-initiators were 
used, either aldonate esters or pyranoses derived from D-glucose, D-xylose and 2-deoxy-
D-ribose. The alkyl zinc complex (LZnEt) and the carbohydrate alcohol (ROH) reacted 
in situ to form the zinc alkoxide (LZnOR), which is the true initiator; the polymerisation 
subsequently occurred via the coordination-insertion reaction mechanism (Figure 3.10). 
Support for these notions came from the end group analysis which showed exclusive 
initiation by carbohydrate alcohols; the Mn for each polymer being in excellent 
agreement with that predicted from alcohol loadings.  Furthermore, a 1:1 reaction 
between the zinc complex (LZnEt) and co-initiator 3.5 was monitored by 1H NMR.  
This showed a decrease in the resonances assigned to the zinc ethyl protons and a 
downfield shifting and broadening of the peaks assigned to 3.5, consistent with the 
formation of a zinc alkoxide complex and the elimination of ethane, which is shown in 
Figure 3.11. From Figure 3.11, the formation of zinc alkoxide is not instantaneous; and 
for different alcohol, the rate of the alkoxide formation varies, which could be the 
reason why the reaction rates shown in Figure 3.18 vary for different alcohol initiators.    
The coordination-insertion mechanism involved the lactide being activated and ring 
opened by the zinc alkoxide complex. The ring opening led to formation of a novel ring 
opened metal alkoxide and enabled chain propagation to occur.  The alcohol co-initiator 
became an ester end group on one end of the polymer chain. The advantage of the 
zinc/carbohydrate alcohol initiating system was that it enabled controlled lactide 
polymerisation and therefore very tight control over the polymer properties, e.g. Mn, 
PDI.   
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Figure 3.10 The polymerisation mechanism using carbohydrates as the co-initiator. 
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Figure 3.11 The conversion of LZnEt reacting with co-initiator 5. The conversion was determined 
by the integration of zinc methylene protons at 0.10 ppm.  
3.2.2.1 The Lactide Polymerisation Initiated by Aldonate Esters   
The lactide polymerisations, using the zinc/carbohydrate alcohol initiating system, were 
investigated using the aldonate esters 3.1 and 3.2 (Figure 3.12).   
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Figure 3.12 L-Lactide polymerisation using co-initiators 3.1 and 3.2.  (a) LZnEt, CH2Cl2, 25 ºC, n = 
25-250. 
The aldonate esters 3.1 and 3.2 were used as co-initiators, with the alkyl zinc complex, 
in the ring opening polymerisation of lactide, at room temperature in methylene chloride. 
In order to establish the properties and degree of control exerted by the carbohydrate 
alcohol co-initiators, detailed investigations were carried out using compound 3.1.  The 
polymerisations were conducted using a range of 3.1: lactide loadings and enabled the 
preparation of PLLA of controlled Mn (Table 3.1).   
Table 3.1 PLLA synthesised using co-initiator 3.1. 
Initiator 
LZnEt: 3.1: 
Lactidea 
Time / mins % Conversionb Mn Calculated 
c Mn GPC
d(PDI) 
3.1 1:1:10 15 100 1800 1770 (1.15) 
3.1 1:1:50 210 90 6840 6000 (1.12) 
3.1 1:1:100 210 80 11800 11300 (1.15) 
3.1 1:1:250 960 87 31700 33200 (1.13) 
(a) Polymerisation conditions: [LA]0 = 1 M, CH2Cl2, 25 °C. (b) Determined by 
1H NMR by 
integration of the methine signals at 5.20 ppm for PLLA and 5.00 ppm for lactide.  (c) Calculated 
from Mn = (144 × conversion to PLLA) + 378. (d) Determined by GPC using CHCl3 and versus 
narrow Mn polystyrene standards, a correction factor of 0.58 was applied according to the 
literature.123  
The percentage conversions were determined from the 1H NMR spectrum by integration 
of the methine signals due to lactide (5.00 ppm) and PLLA (5.20 ppm).  The initiating 
system exerted good polymerisation control and therefore by varying the loading of 3.1 
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it was possible to produce PLLA of predictable and controllable Mn (Figure 3.13).  It 
was also notable that the Mn obtained for the polyesters by GPC was in reasonable 
agreement with the Mn calculated from the reaction stoichiometry, for example using 
3.1 at a concentration of 2 mM and at 90% conversion, resulted in an expected Mn of 
6840 and a GPC value of 6000.  The close agreement between calculated and 
experimental values of the Mn confirmed the controlled nature of the polymerisation and 
this was reinforced by the relatively narrow polydispersity indices. The polymerisation 
control was further illustrated by the linear increase in the Mn with the polymerisation 
percentage conversion (Figure 3.14).  It was also notable that the initiator enabled the 
preparation of high Mn PLLA, a limitation with previously used carbohydrate 
initiators.28-36 
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Figure 3.13 Plot of PLLA Mn / gmol
-1 against [LA]0-[LA]t/[3.1]0. The Mn was determined by GPC in 
CHCl3 versus polystyrene standards and a correction factor of 0.58 was applied according to the 
literature. 123 
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Figure 3.14 Plot showing the PLLA Mn versus the lactide percentage conversion using 3.1. The 
ratios refer to the concentrations of 3.1: LA.  
The polymerisations with 3.1 demonstrated the high degree of control exerted by the 
initiating system at room temperature. The same conditions were therefore used with all 
the other carbohydrate co-initiators and the results for the aldonate ester 3.2 derived 
from D-xylose (at 4 mM concentration) are shown in Table 3.2. As for 3.1, these show 
that excellent control is also exerted using 3.2 as illustrated by the close agreement 
between the calculated and experimental GPC results and also the narrow PDI values.  
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Table 3.2 Polymerisation conducted with co-initiator 3.2. 
Co-initiatora % Conversionb Time / mins Mn Calculated
c Mn GPC
d  (PDI) 
3.2 16 93 6200 5250 (1.08) 
3.2 31 163 11800 12700 (1.04) 
3.2 59 250 21600 24000 (1.04) 
3.2 90 425 33000 42000 (1.07) 
Polymerisation conditions: [LA]0 = 1 M, [3.2] = 4 mM, CH2Cl2, 25 °C. b) Determined by 
1H NMR by 
integration of the methine signals at 5.20 ppm for PLLA and 5.00 ppm for lactide. c) Calculated 
using the percentage conversion determined by 1H NMR: Mn = (144 × conversion to PLLA) + 450. d) 
Determined by GPC using CHCl3 and versus narrow Mn polystyrene standards, a correction factor 
of 0.58 was applied according to the literature.123  
The MALDI-ToF mass spectra were obtained for all the novel initiators: these provided 
further evidence for the control of Mn and also confirmed the end groups.  In each case 
only two major series of peaks were observed: one due to the sodium cationized and the 
other due to the doubly sodium cationized polymers with the carbohydrate ester end 
groups, as expected from a coordination-insertion polymerisation mechanism.  The 
MALDI-ToF mass spectrum for co-initiator 3.2 with a degree of polymerisation of 10 is 
shown in Figure 3.15.  There are three series of peaks in the spectrum and these 
correspond to the [PLLA2 + Na] (marked with * in Figure 3.15), [PLLA2 + 2Na] (** 
in Figure 3.15) and a very small series assigned to cyclic PLLA.  The cyclic PLLA 
formed during transesterification reactions which occurred more rapidly at this low 
degree of polymerisation than they did at higher degrees of polymerisation.   
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Figure 3.15 The MALDI-ToF spectrum for PLLA produced from co-initiator 3.2, with a degree of 
polymerisation of 10.  The peaks marked with * correspond to [PLLA2+Na]+ and the peaks marked 
with ** correspond to [PLLA2+2Na]+. 
3.2.2.2 Pyranoses Derived from D-Xylose and 2-Deoxy-D-ribose  
In order to probe the scope of the initiating system and the utility of carbohydrate end 
capped PLLA, a range of other pyranose co-initiators were tested (Figure 3.16). 
Pyranoses are the most prevalent form of most simple carbohydrates and are therefore 
abundant, inexpensive chiral compounds with a multitude of hydroxyl groups.  Previous 
investigations using pyranoses have focused exclusively on the hexoses D-glucose or D-
galactose.28-36  Therefore, there was scope for an examination of an initiating system 
using pentoses. D-Xylose is the pentose with the same stereochemistry as D-glucose but 
without substitution at C-5 and 2-deoxy-D-ribose has only two ring hydroxyl 
substituents; they were targeted as useful materials for biomedical studies to elucidate 
the influence of ring substitution. Furthermore, D-xylose is a major constituent of 
hemicellulose and is therefore easily accessible and inexpensive, 2-deoxy-D-ribose is a 
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constituent of nucleic acids and therefore ubiquitous in biology.10  The polymerisation 
conditions were the same as used for the aldonate esters 3.1 and 3.2; the initiating 
system required the synthesis of pyranoses with only one free hydroxyl group.  The co-
initiators 2,3,4-tri-O-acetyl-D-xylopyranose 3.3, 2,3,4-tri-O-benzyl-D-xylopyranose 3.4, 
and 3,4-O-isopropylidene-2-deoxy-D-ribopyranose 3.5 were prepared from D-xylose 
and 2-deoxy-D-ribose respectively, using literature methods which were straightforward 
and high yielding, this was important due to the complexity of some carbohydrate 
functionalisation strategies.140,141,143,144  All the co-initiators had the initiating hydroxyl 
moiety at the anomeric position (C-1) and were isolated in anomeric ratios (α:β) of 10:7, 
5:2 and 3:2, for 3.3, 3.4 and 3.5, respectively.    
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Figure 3.16 Synthesis and structure of PLLA prepared using 3.3, 3.4 and 3.5 as the co-initiators.  
Where n= 10-250.  Reagents and conditions: (a) n L-lactide (1 M), LZnEt, CH2Cl2, 25 ºC. 
The properties of the PLLA produced at 4 mM concentration of co-initiators 3.3, 3.4 
and 3.5 are shown in Table 3.3. It is notable that all the polymerisations occurred 
rapidly and with good control. There was close agreement between calculated and 
experimental Mn, for example using 3.4 at 80 % conversion of lactide, the calculated Mn 
was 30,000 and that obtained by GPC was 29,800. The polymerisations occurred more 
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rapidly than with aldonate ester co-initiators, for example at 4 mM concentration of 3.1 
the polymerisation required 960 mins to reach 87% conversion whereas with 3.3 only 
80 mins were needed.  
Table 3.3 PLLA synthesised using co-initiator 3.3, 3.4 and 3.5. 
Co-initiatora % Conversionb Time / mins Mn Calculated Mn GPC
c (PDI) 
3.3 12 20 4300 3800 (1.17) 
3.3 63 50 22800 25000 (1.17) 
3.3 87 80 31700 30700 (1.14) 
3.3 91 110 33000 33700 (1.10) 
3.3 95 170 34400 37100 (1.46) 
3.4 10 80 3900 3920 (1.15) 
3.4 20 110 7620 7300 (1.17) 
3.4 44 140 16300 15000 (1.10) 
3.4 62 210 22700 21200 (1.04) 
3.4 82 360 30000 29800 (1.28) 
3.5 16 94 5900 5200 (1.05) 
3.5 30 150 11000 10900 (1.04) 
3.5 51 215 18600 20600 (1.02) 
3.5 89 393 32200 41900 (1.09) 
(a) Polymerisation conditions: [LA]0 = 1 M, [co-initiator] = 4 mM, CH2Cl2, 25 °C. (b) Determined by 
1H NMR by integration of the methine signals at 5.20 ppm for PLLA and 5.00 ppm for lactide. (c) 
Determined by GPC using CHCl3 and versus narrow Mn polystyrene standards and with a 
correction factor applied.75,123  
The 1H NMR spectrum of the PLLA indicated only the expected carbohydrate ester end 
group resonances, as illustrated in Figure 3.17.  Figure 3.17 shows the 1H NMR 
spectrum of the PLLA end capped with 3.5, the α and β anomers are most clearly 
distinguished by the two H-1 signals at 6.22 and 6.00 ppm respectively. Furthermore, 
the integrals for the end-groups vs. those for the PLLA methylene groups are in 
excellent agreement with the polymerisation stoichiometry. In Figure 3.17, the 
polymerisation was conducted using 50 equivalents of lactide to 3.5, the relative 
integrals of the H-1 signals, at 6.22 and 6.00 ppm, to the lactide methylene signals, at 
5.18 ppm, indicate a degree of polymerisation of 52.    
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Figure 3.17 1H NMR spectrum showing PLLA synthesised using co-initiator 3.5 to illustrate the two 
anomeric signals at 6.22 and 6.00 ppm. Polymerisation conditions: [3.5]0 = 0.02M, [LA]0= 1M, 
CH2Cl2, 25 °C. The polymerisation went to complete conversion and the polymer was purified (see 
experimental section).   The ratio of the anomers is indicated by the ratio of the integrals for the 
signals at 6.20 ppm and 6.00 ppm.  
3.2.2.3 Polymerisation Kinetics 
The co-initiators showed significant differences in the polymerisation rate, presumably 
reflecting differences in the rate of initiation between the different initiators. The plots 
of ln{[LA]0/[LA]t} versus time, for 4mM concentration of co-initiator and 1M 
concentration of lactide, are illustrated in Figure 3.18. 
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Figure 3.18 Plot of ln{[LA]0/[LA]t} versus time for co-initiators 3.1 to 3.5.  Polymerisation conditions: 
[LA]0 = 1 M, [co-initiator] = 4 mM, CH2Cl2, 25 °C.  [LA]t was determined from the percentage 
conversion by 1H NMR. 
In Figure 3.18, the gradients of the lines correspond to the pseudo first order rate 
constant, kapp, for the various co-initiators.  A comparison of the kapp values for the 
initiators shows an order: 3.3 > 3.2 = 3.5 = 3.4 > 3.1.  The relative rates of the co-
initiators relate to the type of hydroxyl group initiating the polymerisation with 
secondary anomeric hydroxyl groups (e.g. on 3.3, 3.4, 3.5) showing significantly 
enhanced rates compared to the secondary hydroxyl group on 3.1.  It is postulated that 
the reason for the greater rate of secondary anomeric hydroxyl initiators is due to their 
reduced steric hindrance and higher acidity compared to open chain secondary hydroxyl 
initiator 3.1.  The primary hydroxyl group on 3.2 showed a rate comparable to the 
secondary anomeric hydroxyl groups on 3.3, 3.4 and 3.5.  Thus, the nature of the 
hydroxyl group had a significant influence over the polymerisation rate and this was 
controlled predominantly by steric factors.  
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3.2.3 Characterisation of the Carbohydrate End 
Functionalised PLLAs 
3.2.3.1 Water Contact Angle 
For some biomedical applications it is important to reduce the hydrophobicity of PLLA 
and it is proposed that end group functionalisation may help achieve this.  In order to 
establish the hydrophilicity of the series of end-capped PLLAs, the static contact angles 
with water were measured (Table 3.4).  The initiator was found to reduce the contact 
angles of the poly(L-lactide) compared to poly(L-lactide) initiated from ethanol, the 
latter has a contact angle of 82°, in reasonable agreement with literature values.145  The 
carbohydrate co-initiators all resulted in films with reduced contact angles, with the 
order of increasing hydrophilicity being: PLLA4 ~ PLLA5 < PLLA2 < PLLA3 < 
PLLA1.  Both the nature of the carbohydrate substituents and the type of carbohydrate, 
pyranose vs. aldonate ester, influence the contact angle. Acetyl groups are more 
hydrophilic than benzyl or isopropylidene acetal groups, therefore poly(L-lactide) 
initiated with 3.3 has a lower contact angle than that initiated using 3.4.  Also, 
increasing the number of substituents increases the hydrophilicity, thus poly(L-lactide) 
end-capped with substituted D-glucose is more hydrophilic than with D-xylose or 2-
deoxy-D-ribose.  Finally, the aldonate esters have lower contact angles than their 
pyranose counterparts, thus poly(L-lactide) initiated with 3.2 is more hydrophilic than 
with 3.4.  Although, the decreases in contact angle are quite modest, they do show the 
potential for these initiators to increase the hydrophilicity of the polylactide films.  
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Table 3.4 The surface roughness and static water contact angles of films. 
Initiator RMS (nm)a Water contact angleb 
PLLA1 3.7 ± 0.8 64.2° ± 1.04° 
PLLA2 4.3 ± 1.9 75.8° ± 2.8° 
PLLA3 4.2 ± 0.8 66.2° ± 1.8° 
PLLA4 2.8 ± 2.1 79.7° ± 0.2° 
PLLA5 4.8 ± 4.6 79.4° ± 0.3° 
PLLAc 2.3 ± 0.8 82.1° ± 0.3° 
 (a) Determined using a microscope interferometer expressed as the average root mean square 
value; (b) determined by addition of 30 µL of  ultra-pure water to the surface of the films and using 
a drop shape analysis system to determine the contact angle.  (c) This PLLA has an ethoxy ester 
end group.  
3.2.3.2 Degradation Rates 
The same experimental conditions and analyses of the data as used in Chapter 2 to 
assess PLLA degradation were used in this study. The molecular numbers, PDI values, 
degradation rate constants for the polymers are shown in Table 3.5. The plots of ln{Xt-
1/Xt}(Xt is the polymerisation degree at time t) versus time are shown in Figure 3.19; the 
gradients of the linear fits are the degradation rate constants. The degradation 
experiments did not show any significant differences between the functionalised PLLAs 
and PLLA end capped with a simple ethoxy ester group. As the functional group is only 
at one end of a 250 repeat unit PLLA chain, it is not surprising that the end group does 
not influence the degradation rate significantly.   
Table 3.5 The Mn and PDI data for the polymers at time zero, the degradation rate constant and the 
correlation coefficient of the linear fits in Figure 3.18. 
run 
Loading 
co-initiator:LA:LZnEt 
Mn (GPC)  PDI kx / - 10
-4 R2 
PLLA1 1: 250:1 33200 1.13 1.65 0.99 
PLLA2 1: 250:1 42000 1.07 1.24 0.97 
PLLA3 1: 250:1 37100 1.46 1.56 0.94 
PLLA4 1: 250:1 29800 1.28 0.94 0.96 
PLLA5 1: 250:1 41900 1.09 1.60 1.00 
PLLA 1: 250:1 44500 1.52 1.26 0.98 
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Figure 3.19 Plots of ln((Xt - 1)/Xt) versus time for PLLA1-5 and PLLA (Table 3.5). 
3.2.4 Assessment of Biological Activity 
To study the effect of the functionalised polylactide in cell compatibility and cell 
viability, SaOS-2 cells (Human-osteoblast-derived osteosarcoma cells) were seeded and 
cultured on the polymer films. Phalloidin staining and SEM were used to observe the 
adhesion and the shape of the cells on the films; alamar blue assay, alkaline phosphatase 
assay and total DNA measurement were applied to determine the cell differentiation and 
proliferation.   
3.2.4.1 Cell Adhesion and Morphology 
Phalloidin is a toxin from the Amanita phalloides (known as the death cap); it binds 
specifically at the interface between F-actin subunits. When phalloidin is labelled by 
fluorescent analogues, it can be used to stain actin filaments for light microscopy. The 
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scanning electron microscope (SEM) is a type of electron microscopy, which shows the 
topography of surface features by scanning the surface with a high-energy beam of 
electrons. We were able to see how the cells spread out on the surface and the 
morphology of the cells by using the two techniques together. 
We observed that there was no obvious difference between the different samples, so in 
Figure 3.20, the images for the fluorescent staining and SEM are only from one type of 
polymer (PLLA1). Column A is the image of the fluorescent staining; the F-actin is 
labeled by FITC (Fluorescein isothiocyanate) tagged phalloidin which has an emission 
wavelength of 488 nm and excitation wavelength of 520 nm; the cell nuclei are labelled 
by DAPI (4',6-diamidino-2-phenylindole), which has an emission wavelength of 358 
nm and excitation wavelength of 461 nm. From the fluorescent staining images and 
SEM images, after 1 day culturing, the cells were attached to the polymer films, but had 
not spread entirely; most of the cells were round. The proliferation of the cells was 
observed from both of the images. After 1 week culturing, the quantity of the cells 
increased dramatically; the confluence was almost 100%.  The cells were widely spread. 
At day 14, there were multiple layers of cells observed, and the size of the cells was 
smaller compared with those of D7. The images of D21 shows the cells forming 
multiple layer everywhere.  
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Figure 3.20 The images of the fluorescent staining and SEM for sample PLLA1. (A) The images of 
the fluorescent staining, the samples were stained by phalloidin tagged by FITC and DAPI. (B) The 
images of SEM. 
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3.2.4.2 Cell Proliferation and Differentiation 
Alamar Blue is an oxidation-reduction (REDOX) indicator. It yields a colorimetric 
change and a fluorescent signal in response to metabolic activity. The fluorescence 
increases in proportion with cell density and metabolic activity. When the fluorescence 
data was divided by the DNA quantity, the results should relate to the metabolic activity. 
Alkaline phosphatase (ALP) activity is an osteoblastic phenotypic marker, thus it can be 
treated as an index of osteoblastic differentiation.146,147  
To determine the cell proliferation, Hoechst 33342 dye was used (a fluorescence-based 
method), which  selectively stains DNA for quantitative determination.148 From Figure 
3.21, the DNA content of the samples increased over time, which indicated that cells 
survived and proliferated on the polymer films. Comparing the different polymer 
samples, there were no obvious differences observed. The polymers did not influence 
the proliferation of the cells; the data for the positive control sample, where the cells 
were grown on the glass slide, is similar with those samples where cells were grown on 
the polymer.   
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Figure 3.21 The total DNA content for each sample at different time point.  The data were 
expressed by mean + SD, n=3. (a) NC is negative control, the film is PLLA, but no cells were seeded 
on the film. (b) PC is positive control, which has no polymer film coated on the glass slide.  
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Figure 3.22 shows the fluorescence signal after treating with alamar blue assay. The 
signal increased with time, which was in response to the cell quantity and cell metabolic 
activity. As the cell quantity has already been established, by measuring the total DNA 
content, Figure 3.23 was plotted to demonstrate the cell metabolic activity. From Figure 
3.23, the cells were most active from day 1 to day 7; from day 14 onwards, the cell 
activity decreased with time, which indicated the cell proliferation was slowing down. 
At day 27, all the samples show similar behaviour to the negative control, where there 
are no cells; this indicates there metabolic activity at day 27 was extremely low.  
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Figure 3.22 Fluorescence after treating with alamar blue assay. Excitation 530nm; emission filter 
590 nm. The data were expressed by mean + SD, n=3. (a) NC is negative control, the film is PLLA, 
but no cells were seeded on the film. (b) PC is positive control, which has no polymer film coated on 
the glass slide. 
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Figure 3.23 Cell metabolic activity.  The data were expressed by mean + SD, n=3. (a) NC is negative 
control, the film is PLLA, but no cells were seeded on the film. (b) PC is positive control, which has 
no polymer film coated on the glass slide. 
The samples were analyzed for alkaline phosphatase (ALP) production.  Figure 3.24 
shows the ALP produced per unit of DNA. The ALP activity increased with time until 
14 day of culturing, and then it decreased slightly.  Comparing Figure 3.23 with Figure 
3.24, the cell proliferation decreased after 7 days of culturing, and the ALP activity kept 
increasing until 14 days. Even after 14 days, the ALP activity still continued at high 
levels whilst the proliferation of cells had nearly stopped. Some reports suggest that 
differentiation towards an osteoblastic phenotype correlates with a decrease in cell 
proliferation and an increase in alkaline phosphatase,149,150 which is in good agreement 
with our studies.    
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Figure 3.24 ALP Activity, ALP/DNA. The data were expressed by mean + SD, n=3. (a) NC is 
negative control, the film is PLLA, but no cells were seeded on the film. (b) PC is positive control, 
which has no polymer film coated on the glass slide. 
3.3 Conclusions 
The controlled L-lactide polymerisation using a range of different carbohydrate co-
initiators has been established.  The novel co-initiators were pyranoses and aldonate 
esters derived from D-gluconolactone, D-xylose, D-xylonolactone and 2-deoxy-D-ribose. 
The polymerisations were all well controlled, as illustrated by the good correlation 
between calculated and experimental Mn, the linear increase in the Mn with percentage 
conversion, the correlation between Mn and [lactide]0-[lactide]t/[co-initiator] and the 
narrow polydispersity indices. Polylactides with a controllable degree of polymerisation 
were synthesised for each different co-initiating group, thereby providing a viable route 
to PLLA end functionalised with biologically compatible and derived molecules.  The 
polyesters were fully characterised, including by NMR spectroscopy, GPC and mass 
spectrometry.  Thin films of the polymer had lower water contact angles than PLLA, 
indicating that the carbohydrate initiators were useful for increasing the hydrophilicity, 
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an important parameter for improving biocompatibility. The degradation experiments 
showed that there was no particular difference between the degradation rates of the 
different polymers. The cell studies showed that SaOS-2 cells adhered, survived and 
proliferated on all the polymer films. They differentiated to osteoblastic phenotypes, 
which was indicated by the slow proliferation rate and high ALP activities.  However, 
the cell behaviour on the polymer films was similar to the cells which were seeded on 
glass slides.  
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4.1 Introduction 
This thesis has also investigated the preparation of lactones from other carbohydrates 
than D-glucose, such as D-xylose, 2-deoxy-D-ribose; and using protecting groups such as 
acetate and benzyl ether group. Several functionalised lactones have been synthesised 
and their ring opening polymerisations have been investigated. In this chapter, the 
synthesis of other carbohydrate lactones and the ring opening polymerisation reactions 
will be described.   
As the polymers were designed for biomedical applications, all the starting materials 
chosen were biocompatible and non-toxic to humans. Three major classes of mono-
saccharide monomer have been examined: D-xylose, 2-deoxy-D-ribose and D-glucono-
1,5-lactone. Preliminary investigations have also focussed on derivatives of 1,2,6-
hexanetriol. 
D-Xylose, or wood sugar, is one of eight sugars essential for human nutrition, the others 
being D-galactose, D-glucose, D-mannose, N-acetylglucosamine, N-acetylgalactosamine, 
fucose and N-acetylneuraminic acid. 2-Deoxy-D-ribose is the sugar component of DNA 
and its derivatives have important roles in biology. D-Glucono-1,5-lactone is a naturally 
occurring food additive, which is commonly found in honey, fruit juice and wine. It is 
metabolized to glucose, which is the most important and prevalent carbohydrate in 
biology.  
The goal of this research has been to develop the syntheses of lactones from the mono-
saccharides and to investigate their ring opening polymerisations. 
4.2 Results and Discussion 
4.2.1 Monomers Derived from D-Xylose 
The investigation focussed on the pentose D-xylose. This sugar has the same 
stereochemistry as D-glucose but lacks the hydroxymethyl substituent at C-5. We were 
interested in investigating the ring opening polymerisation of xylonolactones as the 
fully functionalised D-gluconolactones (four substituents) had shown limited success.47 
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We reasoned that rings with fewer substituents might undergo ROP more readily; 
therefore the target monomer was a fully protected xylonolactone (three substituents). 
For protecting groups, we were keen to investigate benzyl ether groups due to their ease 
of removal.  
4.2.1.1 Anomeric Protected Lactone Precursor 
Carbohydrates exist almost exclusively in the ring-closed form, but hydrolysis of the 
hemiacetal, catalyzed by both acid and base, forms the ring-opened form of the 
carbohydrate and this makes modification of the hydroxyl groups complicated. This 
problem can be overcome by protecting the anomeric hydroxyl group, commonly 
accomplished by reaction with alcohol in acidic media to form an acetal or glycoside 
(Fisher glycosidation). These acetals are only hydrolysed in the presence of a strong 
acid and are stable under almost all other reaction conditions. Therefore, by 
glycosidation, the anomeric centre is effectively being protected at the beginning of any 
reaction sequence. Some glycosidation reactions for pentoses and their yields are shown 
in Figure 4.1.151 
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Figure 4.1 The glycosidation of some pentose sugars. (a) MeOH, ion-exchange resin, reflux; (b) 
MeOH, AcCl, 50 °C. 
As shown in Figure 4.1, the methyl glycosidation of D-xylose gave a low yield (26%). 
This would lead to extremely low cumulative yields in any multistep reactions. It is 
consequently necessary to find an efficient anomeric protecting group which can be 
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installed in a high yield. Cleophax et al. have reported a new synthetic route to an 
anomeric protected lactone precursor.152 The reaction scheme is shown in Figure 4.2. 
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Figure 4.2 The synthesis scheme for anomeric protected lactone precursor. (a) PPh3 (3 equiv.), CCl4, 
KCl, 87%; (b) MeONa, MeOH, 100%; (c) NaH, BnBr, DMF, 90%; (d) CF3COOH aq., 65 °C, 80%. 
The first step (a) is a Wittig-type reaction. The reaction of the Ph3P/CCl4 complex on 
the ester functionality of the lactone at C-1 leads to the formation of 2,2-dichloro-1-
methyl-vinyl ether. The proposed mechanism of Wittig-type reaction is shown below 
(Figure 4.3). 
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Figure 4.3 The mechanism of the Wittig-type reaction. 
A base-catalyzed deacetylation of the hexoside 4.2 furnished 4.3 in quantitative yield 
and was followed by standard benzylation to afford 4.4. The hydrolysis of the anomeric 
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protecting group was carried out by treatment with aqueous trifluoroacetic acid (TFA) 
at 65 °C. All these steps had high yields which led to a high cumulative yield. 
4.2.1.2 The Synthesis of Compound 4.11 
Having considering all the factors mentioned in section 4.2.1.1, a synthetic route to 
compound 4.11 was developed as shown below (Figure 4.4). 
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Figure 4.4 Proposed synthetic scheme for compound 4.11. (a) CF3COOH, Ac2O, RT, 20 h, 100%; (b) 
PPh3 (2 equiv.), CCl4, KCl (7 equiv.), 90 °C, 50 mins, 63%; (c) MeONa (0.5 equiv.), MeOH, RT, 1h, 
80%; (d) NaH (13 equiv.), BnBr (7 equiv.), DMF, 0 °C, 4 h; (e) CF3COOH aq., 65 °C; (f) 
Pyridinium chlorochromate, CH2Cl2, reflux, 7 h. 
The yields for steps a to c were reasonably high (100%, 63%, 80% respectively) and the 
synthesis was proceeding well to compound 4.8. However, the product of the 
benzylation step (d) was not the desired compound 4.9, but 1,2,3,4-tetra-O-benzyl-D-
xylopyranoside 4.12. The dichlorovinyl protecting group was cleaved from 4.8 to give 
4.12 (the protecting group was cleaved under the benzylation condition), which actually 
made the reactions for the preparation of 4.8 futile.  
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Figure 4.5 The benzylation of compound 2.8. (a) NaH (13 equiv.), BnBr (7 equiv.), DMF, 0 °C, 4 h, 
72%.  
Fortunately, the hydrolysis step worked for the new compound (4.12) and the benzyl 
group at the anomeric position was cleaved under the mild acidic conditions. Thus, the 
revised route to 4.11 is shown Figure 4.6, which had three steps fewer compared with 
the original scheme. 
O OH
OH
HO OH
a c
O OH
OBn
BnO OBn
b
O O
OBn
BnO OBn
O
OBn
BnO OBn
OBn
4.12 4.10 4.11  
Figure 4.6 The final synthetic route to compound 4.11. (a) NaH (13 equiv.), BnBr (7 equiv.), DMF, 0 
°C, 4 h, 56%;  (b) CF3COOH aq., 35 °C, 71%; (c) Pd(OAc)2 (0.02 equiv.), PPh3 (0.04 equiv.), dry 
THF (25 mL), K2CO3 (0.2 equiv.), PhBr (0.2 equiv.), reflux (65 °C), 6 h, 94%. 
Normally, the etherification products of carbohydrates were a mixture of both α and β 
anomers as shown in Figure 4.1. However, the 1H and 13C{1H} NMR spectra of 4.12 
showed that only one anomer was present. This was confirmed by the literature,153 
which states that the C-1 substituent in xylose is in the equatorial position (β form), 
which is quite unusual as the anomeric effect usually makes α form more stable than β 
form. Having studied the structure of compound 4.12, the most rational explanation for 
the formation of the β form anomer is that the bulky substituents on both C-1 and the 
other positions cause the β anomer to be more stable as the axial position at C-1 is 
sterically hindered.  
Compound 4.12 was hydrolysed to give 4.10 in 71% yield. The hydrolysis was achieved 
using aqueous trifluoroacetic acid and mild heating. Compound 4.10 was isolated by 
recrystallization from methanol giving a white solid and characterised by 1H and 13C{1H} 
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NMR spectroscopy. The hydrolysis product 4.10 was a mixture of α and β anomers (α:β 
= 5:2), which is identical to that reported in the literature.153-155 As the hydroxyl group 
was much less bulky than the benzyl group, the anomeric effect influenced the structure 
and product distribution as expected (i.e. the α anomer is more prevalent). 
2,3,4-Tri-O-benzyl-D-xylopyranose 4.10 was oxidized, using a palladium catalyst and 
air, affording the lactone 4.11 as a white powder.156 The product was purified by 
recrystallization and dried under vacuum. Its 1H NMR spectrum is shown in Figure 4.7. 
The elemental analysis also established the compound purity with the calculated values 
being in excellent agreement with the experimentally observed values.  
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Figure 4.7 1H NMR spectrum of compound 4.11.  
4.2.1.3 Ring Opening Polymerisation of 4.11 
Several ring opening polymerisations were performed on the monomer 4.11 (Table 4.1). 
From the table, it is clear that SnOct2/ROH, LZnOEt, Al(O
iPr)3, acid catalysts and the 
lipase (Novozyme-435) do not react with the monomer. The reactions were all 
monitored by 1H NMR spectroscopy. Y(N(TMS)2)3 did react and dimer and tetramer 
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peaks were observed by GPC (THF, 1 mL min-1). The dimer and tetramer peaks 
disappeared over a longer time. When the ROP was catalyzed by 4-
dimethylaminopyridine (DMAP) at lower temperatures (<100 °C), the 1H NMR 
spectrum of the product was exactly same as that of the Y(N(TMS)2)3 product, but no 
oligomer peaks were observed by GPC. At a higher temperature, a new compound, 4.13, 
was obtained, formed by an elimination shown in Figure 4.8. 
Table 4.1 The polymerisation of monomer 4.11. 
Initiator Run Co-Initiator 
4.11:LA:Initiator 
(:Co-Initiator) 
Solvent Time 
Temp  
/°C 
Results 
1 Butanol 50:0:1:4 THF 2 d 80 4.11 
2 
Ethylene 
glycol 
1:0:1:2  20 h 110 4.11 and 4.13 
3 
Ethylene 
glycol 
15:15:2:1 Toluene 5 d 80 4.11 and PLA 
Sn(II)(Oct)2 
4 
1,4- 
Butanediol 
50:2:1 Toluene 2 d 80 4.11 
LZnOEt 5 - 50:0:1 DCM 1 d RT 4.11 
6 - 50:0:1 DCM 4 d RT 
Mn=1746, 832 (GPC) 
Conversion 30% 
7 15:0:1 2 d RT 4.11 and 4.13 
 
- 
add 15 equiv. LA  
DCM 
2 d RT 4.11, 4.13, PLA 
Y(N(TMS)2)3 
8 - 15:15:1 DCM 4 d RT 4.11, 4.13, PLA 
Al(OiPr)3 9 - 50:0:1 Toluene 2 d 50 4.11 
Citric acid 10 Butanol 30:0:5:1 - 1 d 120 4.11 
Lactic acid 11 Butanol 30:0:1:3 - 7 d 120 4.11 
Tartaric acid 12 Butanol 30:0:1:3 - 7 d 120 4.11 
N-435 13 Butanol 50:0:1:1 Toluene 3 d 80 4.11 
14 iso-propanol 10:0:1:1 DCM 5 h RT 4.11 and 4.13 
15 BnOH 30:0:2:1 - 6 h 120 4.13 
16 BnOH 30:0:2:1 DCM 5 d RT 4.11 
17 BnOH 30:0:2:1 Toluene 7 d 90 4.11 and 4.13 
18 BnOH 30:30:2:1 DCM 4 d RT 4.11, lactide 
DMAP 
19 BnOH 30:30:2:1 - 2 d 135 PLA and 4.13 
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O O
OBn
BnO OBn
a O O
BnO OBn
4.134.11  
Figure 4.8 The formation of the unsaturated lactone, 4.13. (a) DMAP (2 equiv.), BnOH (1 equiv.), 
120 °C, 90%. 
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Figure 4.9 1H NMR spectrum of 4.13 in CDCl3.  
The strongly basic amine (4-dimethylaminopyridine, DMAP) facilitated elimination of 
H-2 and the benzyl group on C-3, forming an unsaturated lactone at high temperature. 
The 1H NMR spectrum of 4.13 is shown in Figure 4.9. The doublet at 5.78 ppm is due 
to the resonance of H-3; the two doublets at 4.52 and 4.38 ppm are assigned to H-5 and 
H-5’ respectively; the multiplet at 4.24 ppm is due to the resonance of H-4. In a cyclic 
ester, the proton located at the C-2 carbon is reasonably acidic and can be easily 
eliminated in the presence of base.92,95,157 So, although the product 4.13 was not 
previously known, related reactions between base and other lactones do have 
precedence.92,95,157 
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As shown in Table 4.1, the ROP of 4.11 failed. This failure may be attributed to the 
stability of the ring, as the ring is substituted with three bulky benzyl ether groups. If the 
number of substituents decreases, the Thorpe-Ingold effect dictates that the ring strain 
of the lactone and thus its polymerisability should increase, therefore future 
investigations focussed on lactones with fewer than three substituent groups. 
4.2.2 2-Deoxy-D-ribose Derived Monomers 
The D-xylose derived monomers were not suitable for ROP and this was proposed to be 
due to their lack of/low ring strain. Therefore, we were keen to investigate lactones with 
fewer substituents. 2-Deoxy-D-ribose is a prevalent carbohydrate in nature (it is a 
constituent of DNA) and also has only two ring hydroxyl groups. It was therefore of 
interest to attempt to prepare 2-deoxy-D-ribonolactone derivatives and investigate their 
ROP. 
4.2.2.1 Synthesis of 2-Deoxy-3,4-di-O-benzyl-D-ribono-1,5-lactone, 4.18 
Due to the stability of the 2,3,4-tri-O-benzyl-D-xylono-1,5-lactone 4.11, a new 
monomer with fewer substituents, 2-deoxy-3,4-di-O-benzyl-D-ribono-1,5-lactone 4.18 
was targeted. The monomer synthesis is shown in Figure 4.10.156 
O
BnO
OBn
OBn
O
BnO
OBn
OH O
BnO
OBn
O
CH2CHO
H OH
H OH
CH2OH
O
BnO
BnO
OBn
a b c
4.15
4.16
4.17 4.18
 
Figure 4.10 The synthesis of compound 4.18. (a) NaH (13 equiv.), BnBr (7 equiv.), DMF, 0 °C, 4 h, 
39%; (b) CF3COOH aq., 35 °C, 7.5%; (c) Pd(OAc)2 (0.02 equiv.), PPh3 (0.04 equiv.), THF, K2CO3 
(0.2 equiv.), PhBr (0.2 equiv.), reflux (65°C), 6 h. 
The synthesis of 2-deoxy-1,3,4-tri-O-benzyl-D-ribopyranoside 4.15 and 2-deoxy-1,3,4-
tri-O-benzyl-D-ribofuranoside 4.16 followed the same methods as were used in the 
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preparation of 1,2,3,4-tetra-O-benzyl-D-xylopyranoside 4.12. However, a significant 
difference is that the commercially available D-xylose exists mostly in its pyranose ring 
form, but the 2-deoxy-D-ribose exists mostly in the open chain form. 2-Deoxy-D-ribose 
can form both the five membered ring (the furanose) and the six membered ring (the 
pyranose), under basic conditions. Hence, during the benzylation step, instead of a 
single product, mixtures of isomers were formed. Three different fractions (Rf: 0.41, 
0.33, 0.27) were obtained by column chromatography (silica gel, petroleum ether: ethyl 
acetate, 5:1). The 1H NMR spectra of the fractions were completely different as shown 
in Appendix III.  It was determined, by analysis of the 1H, 13C{1H} and the 2D NMR 
spectra (COSY and HMQC), that four isomers were present. The products were 
assigned as the α- and β-forms of the pyranoside and furanoside which are illustrated in 
Figure 4.12. The assignment was confirmed by comparison between the vicinal 
coupling constants (3JH-H between H-1/H-2 and H-1/H-2’) and the dihedral angles in the 
various rings. The relationship between the dihedral angle and the vicinal coupling 
constant (3JH-H as observed in the 
1H NMR spectra) is given by the Karplus equations:  
)18090(28.0cos
)900(28.0cos
21803
203
°<<°−=
°<<°−=
ffJJ
ffJJ
ab
ab  
Where J 0 = 8.5 and J 180 = 9.5 are constants which depend upon the substituents on the 
carbon atoms and f is the dihedral angle, which is defined by: 
Hb
Ha
f
Dihedral Angle: f
 
An approximate calculated relationship (ignoring the small constant of 0.28) between 
the dihedral angle and the coupling constant is illustrated in Figure 4.11:158 
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Figure 4.11 The relationship between the dihedral angle and the coupling constant.158 
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Figure 4.12 The isomers of the benzylation products from 2-deoxy-D-ribose. 
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Table 4.2 The coupling constant and dihedral angle for compounds 4.15 and 4.16. 
δ (ppm) 
 
H-1 H-2 / H-2’ 
Coupling constant 
3
JH1-H2 / 
3
JH1-H2’ 
(Hz) 
Anglea 
∠H-1/H-2 
∠H-1/H-2’ 
Calcd. Angleb 
∠H-1/H-2 
∠H-1/H-2’ 
4.16α 5.35 2.36 / 2.20 1.8 / 5.4 120 º / 0 º 118 º / 35 º 
4.16β 5.30 2.30 / 2.14 5.5 / 1.4 0 º / 120 º 34 º / 114 º 
4.15α 5.08 2.30 / 1.99 3.0 / 3.0 60 º / 60 º 52 º / 52 º 
4.15β 4.56 2.30 / 2.00 2.9 / 7.6 60 º / 180 º 52 º / 155 º 
(a) Dihedral angles of standard cyclohexane (chair) and cyclopentane (envelope) conformation. (b) 
Dihedral angles calculated from the vicinal coupling value using Karplus equation dihedral angle 
calculator.158 
From Table 4.2, the calculated angles and the ideal model’s angles showed a good 
correlation, and support the correct assignment to the products of the column 
chromatography. 
The five-membered lactone ring is usually more stable than the six-membered lactone 
ring due to its reduced ring strain and it is therefore unsuitable for ring-opening 
polymerisation reactions. Thus, only the pyranosides were suitable for further 
manipulations. The remaining work focused on the β-pyranoside 4.15β, as the α-anomer 
4.15α was inseparable from the β-furanoside 4.16β. 
The selective debenzylation was performed several times, but most of these attempts 
failed. Even those which formed the product (using the same conditions to obtain 2,3,4-
tri-O-benzyl-xylopyranose 4.10) were too low yielding to proceed with the following 
step. The 1H and 13C{1H} NMR spectra of the debenzylation product are shown in 
Figure 4.13 and Figure 4.14. Product 4.17 was a mixture of α and β anomers (α:β = 2:3). 
It is notable that both reactions to produce 4.17 and 4.10 started exclusively from the β-
form pyranoside, and the products are mixtures of α and β anomers.  
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Figure 4.13 1H NMR spectrum of 3,4-di-O-benzyl-D-erythro-2-deoxy-pentopyranose, 4.17. 
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Figure 4.14 DEPT135 NMR spectrum of 3,4-di-O-benzyl-D-erythro-2-deoxy-pentopyranose, 4.17. 
As mentioned above, this synthetic route had extremely low yields. Firstly, the 
benzylation step had too many side products and the purification of the product was 
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very challenging. Secondly, the yield of the second step (de-benzylation) was too low, 
making the synthetic route unsuitable for further investigation. Therefore a new reaction 
scheme was designed. 
4.2.2.2 Alternative Synthetic Route to 4.18 
As we have discussed, the previous route had low yields, so a new reaction scheme was 
designed to avoid these drawbacks. As shown in Figure 4.15, the hydroxyl groups of 2-
deoxy-D-ribose were protected with 2-methoxypropene. The sole product was the 
pyranose 4.19, as the protecting group will only form a five-membered ring acetal and 
this prevents formation of the furanose. The other advantage of this protecting group 
was that the anomeric hydroxyl group was still free, so the selective anomeric 
deprotection was avoided, which is usually the limiting step in terms of yield.  
CH2CHO
H OH
H OH
CH2OH
O OH
O
O
O
O
O
O
O
HO
OH
O O
BnO
OBn
O
a
b c d
4.19 4.20 4.21 4.18  
Figure 4.15 The alternative synthesis scheme of compound 4.18. (a) 2-Methoxypropene (1.3 equiv.), 
pyridinium tosylate, dry EtOAc, 3 h, RT, 56%; (b) PCC, CH2Cl2, 8 h, reflux, 53%; (c) CF3COOH 
aq., 35 °C, 10%; (d) BnBr, Ag2O, DMF, RT, 2 days. 
The first and second steps have been reported previously, the yields of the two steps 
were 56% and 53% respectively which compared well with those in the literature.141,159 
The third step was carried out in a solution (THF:TFA:H2O = 20:20:1), which has been 
widely used for the cleavage of the acetal protecting group. The acetal group was 
removed and the product 4.21 was characterised by NMR spectroscopy (Figure 4.16 
and Figure 4.17) and CI mass spectrometry. However, the yield was only 10% which 
was caused by problems with the isolation of the product 4.21 from water. The low 
yield for the final step prevented continuation of the synthesis. 
CHAPTER 4 
149 
O
H4
HO
OH
H3
H2'
OH2
H5
H5'
H-3
H-4
H-5 H-5'
H-2 H-2'EtOAc
ppm (t1)
2.502.753.003.253.503.754.004.254.50
4
.6
6
9
4
.6
6
0
4
.6
5
1
4
.6
4
3
4
.6
3
4
4
.4
7
3
4
.4
6
5
4
.4
5
6
4
.4
4
9
3
.9
9
0
3
.9
8
2
3
.9
5
9
3
.9
5
1
3
.8
6
9
3
.8
6
1
3
.8
3
8
3
.8
3
0
3
.0
2
5
3
.0
0
7
2
.9
8
0
2
.9
6
2
2
.6
0
1
2
.5
9
1
2
.5
5
6
2
.5
4
6
1
.0
0
0
1
.1
5
9
2
.0
4
6
0
.9
1
3
1
.2
2
5
 
Figure 4.16 1H NMR spectrum of 4.21 in CDCl3. 
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Figure 4.17 13C{1H} NMR spectrum of 4.21 in CDCl3. 
CHAPTER 4 
150 
4.2.3 1,2,6-Hexanetriol Derived Monomer 
(S)-6-(Benzyloxymethyl)-tetrahydropyran-2-one 4.23 is a lactone derived from 1,2,6-
hexanetriol. Its synthesis has been previously reported, the reaction scheme to 4.23 is 
shown Figure 4.18.160 This monomer was interesting because of the short synthetic 
route, the non toxic starting material and easily removable protecting group.  
4.2.3.1 The Synthesis of Monomer 4.23 
O O
BnOHO
OH
OH
1,2,6-hexanetriol
BnO
OH
OH
a c
b
4.22 4.23  
Figure 4.18 The reaction scheme to compound 4.23. (a) bis(tributyltin)oxide, toluene, 80 °C, 8 h; (b) 
BnBr, tetrabutylammonium bromide, 90 °C, 5 h; (c) pyridinium dichromate (PDC), molecular 
sieves, sodium acetate, 24 h. 
The reaction has been reported by Lucero et al.160 The first step is the benzylation of the 
hydroxyl group on C-1. A solution of (S)-1,2,6-hexanetriol,in toluene, was treated with 
half an equivalent of bis(tributyltin) oxide, at 120 °C for 8 hours, employing a Dean 
Stark trap.  The reaction mixture was cooled to room temperature and excess benzyl 
bromide and tetrabutylammonium bromide were added. The solution was heated to 120 
°C, for 5 hours, and then cooled to room temperature. After work up, the resulting 
product was a colourless oil. The 1H NMR spectrum showed two singlets at 4.57 and 
4.52 ppm both of which had an integral of 2, which were assigned as the methylene 
protons on the benzyl functional groups. The multiplet at 3.84 ppm (H-2) was set as the 
standard for the integration, the integration showed two benzyl protecting groups on the 
product, which was confirmed by the CI mass spectrometry (m/z = 332). To understand 
why the reaction was not working according to the literature,160 every step was 
monitored by 1H NMR spectroscopy.  Only the signal due to H-1 shifted after treating 
the starting material with bis(tributyltin) oxide. As only 0.5 equivalent bis(tributyltin) 
oxide was added into the solution of 1,2,6-hexanetriol (1 equiv.), and the hydroxyl 
group on C-1 was all consumed, it is proposed that the hydroxyl group on C-1 reacted 
with bis(tributyltin) oxide forming a labile alkoxide and the other hydroxyl groups were 
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still free. Instead of adding 4 equivalents of BnBr as indicated in the literature,160 1 
equivalent of  BnBr was added and the procedure continued as per the literature (i.e. 5 
hours heating at 120 °C and work up) yielding a colourless oil. The 1H NMR spectrum 
confirmed the product was 4.22. The methylene protons on the benzyl group were only 
one singlet at 4.56 ppm and had the expected integral of 2. This product was also 
characterised by CI mass spectrometry, the molecular ion was observed at 242 Da (m/z 
= M + NH4
+, M = 228 g/mol).  
The second step involved reacting 4.22 with pyridinium dichromate (PDC), the reaction 
was monitored by TLC (silica, ethyl acetate) showing that the reactant (Rf = 0.3) was 
still present even after 1 day. The desired product was isolated by column 
chromatography (Rf = 0.7 silica gel, ethyl acetate, 50%). The 
1H NMR spectrum of the 
product matched that reported in the literature.160  The product was also analysed by CI 
mass spectrometry which showed the molecular ion at 238 Da and  also a dimer peak 
(m/z = 458, 40%), which suggests this monomer has the potential to be polymerised by 
ring opening polymerisation. The oxidation of 4.22 using PDC as the oxidant had a 
reasonable yield (50%) in a small scale reaction (4.22, 0.4 g). When the scale was 
increased (4.22, 5 g), the reactant was still present even after a few days. Instead of 
PDC, PCC (pyridinium chlorochromate) was used as the oxidant. After a small scale 
reaction, which proved the reaction worked, the reaction scale was increased (4.22, 5 g). 
After purification by column chromatography (silica gel, ethyl acetate), the final yield 
of 4.23 was 30%.  
4.2.3.2 The ROP of (S)-6-(Benzyloxymethyl)-tetrahydropyran-2-one, 
4.23 
O
BnO
O a
O
BnO
O
O
H
n
4.23
n
P4.23  
Figure 4.19 The ROP reaction scheme. (a) LZnOEt, CHCl3, RT. 
The ROP of 4.23, (S)-6-(Benzyloxymethyl)-tetrahydropyran-2-one, was investigated 
using LZnOEt which had previously shown good rates for polymerisation of monomer 
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2.3.  Initially, a loading of 20:1, 4.23:LZnOEt was used and the reaction left to stir, 
under nitrogen in CHCl3, for 2 days. The 
1H NMR spectrum of the crude material 
showed approximately 20% conversion to an oligomer with the remaining 80% being 
unreacted 4.23.  The oligomerisation was evidenced by a shifting and broadening of the 
monomer resonances. However, considering the high loading of initiator used, such low 
conversions indicate that the ring strain of 4.23 is not sufficient to give polymer.  
4.2.4 Monomers Derived from D-Glucono-1,5-lactone  
Most of the lactone syntheses discussed in the previous sections have low yields, but 
ideally monomers that can be synthesised on a large scale and in high yield are required 
as a viable starting point for polymerisation studies. Thus, the per-acetyl protected D-
gluconolactone was chosen as a starting point because it could be synthesised in a single 
step, in high yield. Furthermore, a colleague had previously obtained some oligomers 
from 2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone 2.4.47 The focus of the current 
investigation was to make D-gluconolactone derived monomers with fewer substituents 
on the ring, as we reasoned these would yield longer oligomers. Figure 4.20 shows the 
monomers which were targeted, with a decreasing number and size of substituents on 
the ring. The synthesis and polymerisation details of compound 2.3 have been discussed 
in Chapter 2. In this chapter, monomers 4.24 and 4.25 will be described. 
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Figure 4.20 The three target monomers derived from D-glucono-1,5-lactone. 
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4.2.4.1 2,4,6-Tri-O-acetyl-3-deoxy-D-arabino-hexono-1,5-lactone, 4.24 
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O O
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a b c
2.1 2.4 2.5 4.24  
Figure 4.21 The synthetic scheme leading to compound 4.24. (a) Ac2O, TFA, RT, 3 h, 97%; (b) Et3N, 
CH2Cl2, 0 °C, 15 min, 99%; (c) Pd/C (5%), H2, RT, 99%. 
The reactions shown in Figure 4.21 have all been previously reported.93,94 The reactions 
worked efficiently giving a cumulative yield of 90% for 4.24. The purity of the product 
was established by 1H NMR spectroscopy and elemental analysis. To the best of our 
knowledge, there are no reports concerning the ring opening polymerisation of this 
compound. The ring opening polymerisation was investigated using both the LZnOEt 
and Sn(OBu)2 initiators (Table 4.3). 
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Figure 4.22 Ring opening polymerisation of compound 4.24. (a) LZnOEt, RT or Sn(OBu)2, 80 °C. 
The monomer has three substituents on the ring, so it should have higher ring strain than 
the 2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone 2.4, from which oligomers can be 
formed.47 However, there was no evidence to show that 4.24 formed long chains like 
those that could be formed from 2.4 (Table 4.3). From the GPC (CHCl3), a dimer was 
formed in the presence of the ring-opening initiators, after 1 day. Longer reaction times 
did not lead to any further reaction. 
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Table 4.3 The Ring opening polymerisation of monomer 4.24. 
Run Initiator Co-Initiator T/°C M:I:Ca Results 
1 Sn(Oct)2 1,4-butanediol 80 10:1:1 
GPC: Mn= 800, 400 
MALDI: Mn = 691(dimer),  977 (trimer) 
2 Sn(Oct)2 1,4-butanediol 80 3:1:1 GPC: Mn = 800, 400 
3 Sn(Oct)2 1,4-butanediol 80 4:1:2 GPC: Mn = 800, 400 
4 LZnEt EtOH 25 5:1:1 GPC: Mn = 800, 400 
(a) M:I:C is monomer 4.24 :initiator: co-initiator. 
Considering run 2 as a representative example, the GPC (CHCl3) trace showed both a 
monomer and a dimer peak (Figure 4.23), the dimer peak increased in intensity relative 
to the monomer peak. However after 4 hours, the dimer peak intensity gradually 
decreased and finally disappeared after 20 hours. Such behaviour has previously been 
observed for 2.4161 and the final product is a five membered ring lactone which cannot 
be reacted further.  
 
Figure 4.23 GPC traces for run 2 at various time points. 
4.2.4.2 6-Methyl-2-oxo-tetrahydro-2H-pyran-3-yl acetate, 4.25 
A side reaction was observed during the hydrogenation of 2.2. When 2.3 was dried 
under vacuum at high temperature (70 °C), white crystals sublimed and were collected 
on the walls of the container. The 1H NMR spectrum of these crystals is shown in 
Figure 4.24.  
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Figure 4.24 1H NMR spectrum of 4.25 in CDCl3. 
From this spectrum, the two doublets of doublets for H-6 in compound 2.3 were no 
longer present, and a single methyl group in the acetyl group region was observed at 
2.20 ppm. A new doublet was observed at 1.41 ppm, which is in the typical chemical 
shift region for an alkane proton. The spectrum was assigned to 4.25, and its structure 
was confirmed by 2D NMR. The 1H-1H COSY NMR spectrum, which is shown in 
Figure 4.25, had a strong correlation between H-5 and the doublet at 1.41 ppm. This 
suggested these protons (the doublet at 1.41 ppm) were due to either H-6 or H-4. As H-
4 is on the ring, it should couple with H-3 and H-5, and its peak should be a multiplet 
instead of a doublet. Therefore the doublet is assigned to H-6.  
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Figure 4.25 The 1H-1H COSY spectrum of 4.25. 
Considering the substituent effect on the ring strain, the bulkier the substituent, the more 
stable the ring is, therefore 4.25 should have even greater ring strain than 4.24. As base 
encourages the elimination of the acetyl group on C-6, a reaction scheme was designed 
to increase the yield of 4.25 (Figure 4.26). This improved reaction used triethylamine as 
the base and gave 4.25 in 70% yield from 2.3.   
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2.1 2.2 2.3 4.25  
Figure 4.26 The reaction scheme towards the synthesis of 4.25. (a) Ac2O, pyridine, 80 °C, 1 h, 90%; 
(b) Pd/C (5%), H2, 99%; (c) Pd/C (5%), H2, Et3N, 70%. 
A possible mechanism for the elimination reaction is proposed in Figure 4.27, which 
involves abstraction of the hydrogen at the C-5 position of the ring, followed by loss of 
an acetyl group. This would generates an exocyclic alkene as an intermediate, which 
undergoes further hydrogenolysis to yield the observed product 4.25.  
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Figure 4.27 The proposed reaction mechanism for the elimination. 
This new product 4.25 was purified by sublimation, at 60 °C under vacuum, affording 
white crystals in 70% yield. The elemental analysis established the purity, with the 
calculated values being in excellent agreement with the experimentally observed values. 
The CI mass spectrum also confirmed the product, as a molecular ion was observed at 
190 Da.  
From the 1H NMR spectrum (Figure 4.24), the white crystals are a mixture of two 
isomeric compounds. One of the isomers has the H-2 resonance at 5.46 ppm, while the 
other one has the resonance at 5.23 ppm; there are also two methyl groups, at 2.20 ppm 
and 2.18 ppm. The major product is present in about 90%, the other accounts for 10%. 
The two compounds are stereomers, as both have the same molecular mass and the 
same number of resonances in the 1H and 13C{1H } NMR spectra. A single crystal of 
4.25 was grown by cooling of a hot toluene solution, and the X-ray crystal structure 
showed there were two stereoisomers present. The major product has the lactone ring in 
a boat conformation, as the solid line shows in Figure 4.28; the minor compound has the 
lactone in a chair conformation, as the dashed line shows.  
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Figure 4.28 The X-ray crystal structure of compound 4.25. 
The complex crystallised in the P2(1)/n space group (this is a racemic space group and 
equal proportions of the molecules shown in Figure 4.28 and their enantiomers are 
present), which is similar to compound 2.3. Table 4.4 shows some selected bond lengths 
and angles, the complete set of data is presented in the Appendix IV.   
Table 4.4 The selected bond lengths (Å) and angles for compound 4.25. 
Bond Bond Length / Å Angle Angle Degree / ° 
C(1)-O(1) 1.2052(11) O(1)-C(1)-O(4) 120.12(9) 
C(1)-O(4) 1.3375(11) O(1)-C(1)-C(2) 124.32(9) 
C(1)-C(2) 1.5141(13) O(4)-C(1)-C(2) 115.56(7) 
C(2)-C(3) 1.5195(13) C(1)-C(2)-C(3) 112.45(8) 
C(3)-C(4) 1.5289(15) C(2)-C(3)-C(4) 111.43(8) 
C(3)-C(4’) 1.609(9) C(2)-C(3)-C(4’) 102.6(4) 
C(4)-C(5) 1.5099(17) C(5)-C(4)-C(3) 112.88(9) 
C(4’)-C(5’) 1.486(12) C(5’)-C(4’)-C(3) 106.9(7) 
C(5)-O(4) 1.4706(12) O(4)-C(5)-C(4) 108.16(10) 
C(5’)-O(4) 1.537(9) O(4)-C(5’)-C(4’) 109.1(8) 
C(5)-C(6) 1.5078(14) C(1)-O(4)-C(5) 118.00(7) 
C(5’)-C(6’) 1.537(9) C(1)-O(4)-C(5’) 119.9(3) 
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4.2.4.3 The ROP of Monomer 4.25 
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Figure 4.29 The polymerisation reaction scheme of monomer 4.25. (a) ROP initiator, e.g. LZnOEt, 
RT, CDCl3 or Sn(OBu)2, toluene, 80 °C. 
Table 4.5 The ROP of monomer 4.25 using LZnOEt as the initiator in CDCl3 at RT. 
run 4.25 : initiator [monomer]0 [initiator] Final Conversion Mn (PDI) 
1 20:1 1 M 0.05 M 4.8% 794 (1.09) 
2 50:1 1 M 0.02 M 2.3% 786 (1.08) 
The ROP of 4.25 was investigated under various conditions (Table 4.5, Table 4.6).  
Using the zinc initiatior, two polymerisations were investigated at loadings of 20:1 and 
50:1 (Table 4.5). The two reactions were monitored by NMR spectroscopy for 1 day 
and resulted in very low conversions to oligomeric products. The GPC of the sample 
showed there was a small amount of low molecular weight oligomer formed.  Similar 
results were obtained when Sn(OBu)2 was used as the initiator, although the reactions 
were considerably slower (Table 4.6).  The loadings and the conversions of monomers 
did not affect the Mn, all the polymers showed similar Mn, approximately 700-800.      
Table 4.6 The polymerisation of monomer 4.25 using Sn(OBu)2 as the initiator in toluene at 80 °C. 
Run M: I [M] Time/h % Conv. Mn (Calc.) Mn (GPC) PDI 
3 27:1 1 M 189 39 980 763 1.25 
4 60:1 1 M 119 14.0 798 781 1.13 
5 70:1 0.5 M 119 9.8 662 729 1.07 
MALDI-ToF mass spectrometry indicated the formation of the expected polymer, but it 
also gave signals for other side products. The spectrum showed three different kinds of 
products. The main products are A and B, in each case degrees of polymerisation of up 
to 13 were observed (Mn = 2400). Product A is the expected product based on a ring 
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opening polymerisation initiated by Sn(OBu)2.  Product B has a very closely related 
structure, but the hydroxyl chain terminus has undergone a transesterification with an 
acetate group. Product C is present in low intensity and is due to the intramolecular 
transesterification reaction and has a cyclic structure.  
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Figure 4.30 The MALDI-ToF spectrum for run 3 at 39 hours reaction time, the monomer 
conversion of this sample is 19.4%. 
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Figure 4.31 The MALDI-ToF spectrum of run 3 at 63 hours of reaction time, the monomer 
conversion is 23.5%. 
Comparing the MALDI-ToF spectra as the reaction proceeds (Figure 4.30 and Figure 
4.31), the proportion of cyclic product (product C) increased with time, and the desired 
product A decreased with time. This is due to transesterification side reactions, the large 
quantities of product B are also due to transesterification reactions. The 
transesterifications for compound 4.25 are similar to those of compound 2.3, an indepth 
discussion of the possible mechanisms of these reactions is provided in Chapter 2.  
4.3 Conclusions 
This chapter has described the preparation of new lactone monomers derived form D-
xylose, 2-deoxy-D-ribose, D-glucono-1,5-lactone and 1,2,6-hexanetriol. These lactones 
are all functionalised to some degree (from one to three functional groups attached to a 
six membered lactone ring).  The functional groups investigated included the benzyl 
ether group and the acetyl groups. The synthesis and characterisation of the lactones, 
many of which are new compounds, have been discussed; however, most of the lactones 
have limited polymerisabilities. 2,3,4-Tri-O-benzyl-D-xylonolactone (4.11) can only 
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dimerize and is also susceptible to an elimination side reaction in the presence of bases.  
The preparation of lactones derived from 2-deoxy-D-ribose was synthetically too 
challenging. (S)-6-(Benzyloxymethyl)-tetrahydropyran-2-one 4.23 was prepared 
according to a literature route, but showed only very low conversions to an oligomeric 
product.  This is a somewhat curious result as this lactone would be expected to have 
the highest ring strain as it has the least number of substituents.  However, it may be 
that the substituent sterically hinders the ring opening event as it is located on the delta 
carbon.  It is also possible that the substituent being a benzyloxymethylene group 
enables the ring to adopt conformations with lower ring strain than having the 
functional group directly attached to the ring.  Various lactones were prepared starting 
from D-gluconolactone in excellent yield and using syntheses amendable to scale-up. 
2,4,6-Tri-O-acetyl-3-deoxy-D-arabino-hexono-1,5-lactone 4.24 could only be dimerised 
and this was a reversible reaction, however, an irreversible reaction also occurred 
leading to a gamma lactone product which could not undergo further ring opening 
reactions.  6-Methyl-2-oxo-tetrahydro-2H-pyran-3-yl acetate 4.25 was prepared in good 
yield from the acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-ylmethyl ester 2.3. This 
lactone could be oligomerised in reasonable yield and the MALDI-ToF spectrum 
showed that degrees of polymerisation of up to 13 were achievable. This is an 
interesting result as the analogous disubstituted lactone described in Chapter 2 where 
both the substituents were acetyl groups, compound 2.3, showed much greater 
conversions and degrees of polymerisation under related conditions.  It seems that in 
this case the acetylmethylene group enables a greater degree of polymerisation than a 
methyl substituent. The origin of this phenomenon needs to be further investigated and 
a greater number of different derivatives should be prepared.    
Although the lactones described in this chapter cannot polymerise, some of them can 
form oligomers. These oligomers may be useful as macromonomers for the preparation 
of copolymers with known degradable polymers (e.g. lactide or P(2.3)).   
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In this thesis, polymer synthesis from carbohydrates by ring opening polymerisation has 
been investigated (Chapter 2 and Chapter 4). Also, functionalised carbohydrates were 
used as the co-initiator, with a metal complex, for the ring-opening polymerisation of L-
lactide (Chapter 3).   
In Chapter 2, a new monomer, compound 2.3, was reported which was derived from D-
glucono-1,5-lactone, and its ring opening polymerisation investigated in detail. D-
Glucono-1,5-lactone is a renewable resource and relatively cheap. The monomer could 
be synthesised from the lactone in two steps and in high cumulative yield (81%). The 
monomer has been fully characterised using NMR spectroscopy, X-ray crystallography 
and mass spectrometry. The polymerisation of 2.3 was successful, and was studied 
using NMR spectroscopy and GPC. The molecular weight of the homopolymer (P(2.3)) 
can range from 2000-7000, depending on the initial loading of 2.3:initiator. The 
homopolymer is amorphous and hydrophilic (static water contact angle < 35°) and has a 
low glass transition temperature (30 °C); all these properties are good for accelerating 
degradation. Furthermore, there is considerable scope for the development of 
elastomeric, degradable materials.  Finally, there are very few examples of degradable, 
hydrophilic polymers, yet such materials have a myriad of potential applications in 
biomedical chemistry (controlled release, protein resistant surfaces and solubilisation of 
pharmacological species).  The new polymer is thus an unusual and potentially useful 
material.  Its applications are currently being studied for both tissue engineering and 
controlled release applications, as well as through collaborations to establish its 
potential as an impact modifier for commodity packaging applications.  
Three different initiating systems were used for the ring opening polymerisation, 
Sn(Oct)2/ROH, LZnOEt (L = 2,4-Di-tert-butyl-6-{[(2'-dimethylaminoethyl) 
methylamino]methyl}phenolate) and Sn(OBu)2. The polymerisation rates using 
Sn(Oct)2/ROH and Sn(OBu)2 were slow, i.e. the polymerisations initiated using them 
took a few days to reach equilibrium. In contrast, LZnOEt was a much faster initiator, 
the polymerisations initiated by it only took a few hours to reach equilibrium, however 
this latter initiator was significantly more sensitive.  The ROP kinetics were investigated 
in detail and showed different behaviour to ROP using unfunctionalised lactones, in fact 
the kinetic plots were complex, showed multiple stages and were consistent with side 
reactions occurring.  MALDI-ToF analysis of the polymer products at all conversions 
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showed there were various transesterification (TE) reaction occurring, including 
intramolecular TE and at longer times, TE of the side chain acetate groups. The major 
product is cyclic, which is of interest as controlled routes to cyclic polymers are rare.   
In Chapter 2, the copolymerisation of 2.3 with L-lactide was also described.  This 
enabled production of a series random copolymers with different compositions of 
lactide and monomer (the weight proportion of 2.3 ranged from 25% to 1%).  The new 
copolymers were characterised by NMR spectroscopy and GPC. The thermal properties 
of the homopolymer and copolymers were determined using differential scanning 
calorimetry and thermal gravimetric analysis. The homopolymer has a glass transition 
temperature of 30 °C; the glass transition temperature of the copolymer could be 
controlled by varying the proportion of lactide according to the Fox Equation. The 
degradation rates of the copolymers were also studied under buffered aqueous 
conditions, using GPC.  This showed that the degradation rate also changed with the 
composition of the copolymers; as the carbohydrate proportion was increased, the 
degradation rate increased.  This is consistent with the carbohydrate increasing the 
hydrophilicity and water uptake by the copolymers and thus increasing the rate of 
hydrolysis of the copolyesters (degradation rate).  
So, in conclusion, in Chapter 2, a new route, in excellent overall yield, to a lactone 
derived from D-gluconolactone was reported.  This new carbohydrate lactone could be 
polymerised, using tin or zinc initiators, to produce a macrocyclic polyester.  The 
molecular weights of the polyesters were controlled by varying the loading of monomer: 
initiator and were within the range of 2000-7000.  The polyesters were fully 
characterised, including by NMR spectroscopy, mass spectrometry and GPC.   The 
MALDI-ToF mass spectra showed that the major product was a cyclic polymer, 
presumably formed by intramolecular transesterification reactions.  The polymerisation 
kinetics was studied, and a preliminary proposal of mechanism was made.  The new 
polyesters were interesting materials as they showed very different properties to 
conventional aliphatic polyester: they are highly functionalised, have low Tgs and are 
hydrophilic. The new biodegradable polymer and its copolymers with lactide have 
potential in both the packaging industry and in biomedical fields, such as soft tissue 
engineering. The fact that the polymers derive from a renewable feed stock is also an 
advantage. 
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In Chapter 3, the controlled L-lactide polymerisation using a range of different 
carbohydrate co-initiators has been established.  The novel co-initiators were pyranoses 
and aldonate esters derived from D-gluconolactone, D-xylose, D-xylonolactone and 2-
deoxy-D-ribose. The polymerisations were all well controlled, as illustrated by the good 
correlation between calculated and experimental Mn, the linear increase in the Mn with 
percentage conversion, the correlation between Mn and [lactide]0-[lactide]t/[co-initiator] 
and the narrow polydispersity indices.  Polylactides with controllable degrees of 
polymerisation were synthesised for each different co-initiating group, thereby 
providing a viable route to PLLA end functionalised with biologically compatible and 
derived molecules. The polyesters were fully characterised, including by spectroscopy, 
GPC and mass spectrometry.  Thin films of the polymer had lower water contact angles 
than PLLA, indicating that the carbohydrate initiators were useful for increasing the 
hydrophilicity, an important parameter for improving biocompatibility.  Although the 
hydrophilicities of the polymers were increased, the degradation rates were not 
significantly different from unfunctionalised PLLA. A cell culturing study showed these 
functionalised PLLA were non toxic; but from the total DNA, cell viability and ALP 
data, no difference compared with methyl ester end-capped PLLA was observed when 
they were used as matricies for the growth of SaOS-2 cells. 
In Chapter 4, the synthesis and polymerisation of various carbohydrate derived 
lactones were discussed.  The carbohydrates chosen for the study included D-glucono-
1,5-lactone, D-xylose and 2-deoxy-D-ribose and acetyl or benzyl protecting groups were 
used on the hydroxyl moieties.  The lactones synthesised in this chapter include 2,3,4-
tri-O-benzyl-D-xylonolactone 4.11, 2,4,6-tri-O-acetyl-3-deoxy-D-arabino-hexone-1,5-
lactone 4.24, 6-methyl-2-oxo-tetrahydro-2H-pyran-3-yl acetate 4.25, (S)-6-
(benzyloxymethyl)-tetrahydropyran-2-one 4.23. The three step synthesis of 6-methyl-2-
oxo-tetrahydro-2H-pyran-3-yl acetate 4.25 from D-glucono-1,5-lactone is new, and it 
has a reasonable overall yield (56%). The characterisation of this new compound 
included the use of NMR spectroscopy, mass spectrometry and X-ray crystallography. 
A range of different initiators, conditions and solvents were tested for the ROP of the 
functionalised lactones. 2,3,4-Tri-O-benzyl-D-xylonolactone 4.11 can not be 
polymerised; 2,4,6-tri-O-acetyl-3-deoxy-D-arabino-hexone-1,5-lactone 4.24, 6-methyl-
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2-oxo-tetrahydro-2H-pyran-3-yl acetate 4.25 and (S)-6-(benzyloxymethyl)-
tetrahydropyran-2-one 4.23 can only be oligomerized.  
Chapter 4 showed us that the novel carbohydrate lactone prepared in Chapter 2 was 
very unusual in being able to undergo ROP. In fact, most of the substituted lactones 
described in Chapter 4 failed to undergo ROP or only oligomerized (i.e. the 
equilibrium lies far on the side of the monomer). This relates to their low ring strain, as 
expected the Thorpe Ingold effect stabilises the lactone vs. the open chain. Lactones 
with low ring strain cannot be polymerised using ROP as the driving force for the 
reaction is relief of ring strain.   
In the future, the work could be focused on the following aspects. Firstly, the 
polymerisation kinetics of compound 2.3 should be studied; the polymerisation reaction 
should be optimised to obtain high molecular weight homopolymer. Secondly, the 
thermal and physical properties of the homopolymer (P2.3), such as tensile strength and 
glass transition temperature, should be full characterised. The third thing that should be 
done is the degradation study of the homopolymer (P2.3) and copolymer of 2.3 with 
lactide, which includes the degradation rates in aqueous solution and the identification 
of the degradation products. The work could also be focused on the exploration of 
applications for the new polymer, such as application in drug release and tissue 
engineering fields. Besides these studies based on P2.3 and its copolymer, new 
monomers could also be investigated, such as the synthesis of analogues of 2.3 with 
different functional groups.      
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Experimental Section 
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6.1 Materials 
Solvents and reagents were obtained from commercial sources and used as received, 
unless otherwise stated. All anaerobic preparation was carried out using Schlenk tubes 
on a vacuum line or in an MBraun nitrogen filled glove box. Dichloromethane, 
chloroform and ethanol were distilled from calcium hydride and stored under nitrogen. 
Toluene, THF, diethyl ether, hexane and ethanol were distilled from sodium and stored 
under nitrogen. Deuterated solvents (dichloromethane-d2, chloroform-d and benzene-d6) 
were dried by distilling from calcium hydride, performing three freeze-thaw cycles 
under vacuum and storing under nitrogen. Rac-lactide and L-lactide were recrystallised 
from ethyl acetate or toluene and sublimed 3 times under vacuum. Triethylamine was 
dried over CaH2. n-Butanol and 1,4-butanediol were dried by refluxing with magnesium 
activated with iodine. LZnEt and LZnOEt (L: 2,4-Di-tert-butyl-6-{[(2'-
dimethylaminoethyl)methylamino]methyl}phenolate) were prepared from the literature 
methods and stored in N2 glove box.
78 
6.2 Measurements 
NMR spectra collected at 400 MHz were performed on a Bruker AV400 instrument. 
NMR spectra collected at 500 MHz, as well as 13C{1H} NMR spectra, were carried out 
on a Bruker AV500 instrument. CDCl3 was used as the NMR solvent and reference 
compound. The GPC measurements were performed on a Polymer Labs GPC 50 
instrument with two Polymer Labs mixed D columns and CHCl3, at a flow rate of 1 
mLmin-1, as the eluent.  Narrow molecular weight polystyrene standards (Polymer labs, 
Mixed A and B) were used to calibrate the instrument and a correction factor of 0.58 
was applied to the Mn obtained as outlined in the literature.
123  Elemental analyses were 
carried out by the service at London Metropolitan University. Chemical ionisation mass 
spectrometry (CI) was carried by the mass spectrometry service at Imperial College 
London. The MALDI-ToF mass spectrometry was performed with a Micromass 
MALDI micro MX mass spectrometer equipped with a UV (337 nm) laser. All mass 
spectra were recorded in linear mode. Forty spectra were collected from random 
positions on the target, each spectrum averaged from 10 laser shots.  1.2 µL of a mixture 
of the matrix (dithranol, 30 mg/mL in THF), cationizing agent (NaCO2CF3, 10 mg/mL 
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in THF), and the sample (~10mg/mL in CH2Cl2) in the ratio 3:1:1 respectively was 
applied to the target and air-dried immediately before use. Polymer films were coated 
on clean glass slides (13 mm diameter, VWR International, PA, USA) using a dip coater 
(KSV Instrument, Finland). The slides were completely dipped into a 5 mg/mL solution 
of polymer at a velocity of 85 mm/min and withdrawn at 5 mm/min to allow the 
formation of a thin polymer film on the glass slide.  Film roughness was measured using 
a microscope-based interferometer (New View 200, Zygo, CT, USA). The 
measurements were performed on three different areas of each slide and repeated on 
two slides for each kind of polymer film. The roughness for each film is expressed as 
the average root mean square (RMS).  Static water contact angles were measured using 
a Drop Shape Analysis System (EasyDrop, Krüss, Germany). A 30 µL drop of ultra-
pure water (MilliQ water, Millipore, MA, USA) was placed on the film surfaces and 
static water contact angle was measured. The measurements were performed on three 
different areas of each slide, repeated on two slides for each kind of polymer film and 
the values were averaged. The cell morphology and adhesion were investigated using 
SEM (JEOL JSM-5610LV) and microscopy (OLYMPUS BX51). 
6.3 Syntheses 
6.3.1 Initiator Syntheses 
6.3.1.1 Tin (II) butoxide77 
SnCl2 (4.00 g, 21.0 mmol) was dissolved in dry methanol (80 mL). Sufficient dried 
triethylamine (10 mL) was added to cause formation of a permanent precipitate. The 
precipitate (tin(II) methoxide) was filtered, washed with methanol (20 mL),  diethyl 
ether (20 mL) and dried under vacuum. Freshly prepared tin(II) methoxide (2.00 g, 11.0 
mol) was added to a Schlenk tube containing dry toluene (80 mL) and dry n-butanol (2 
mL, 22.0 mmol). The reactants were refluxed (80 °C), with stirring until all the tin(II) 
methoxide insoluble slurry had disappeared. The methanol-toluene and excess n-
butanol-toluene azeotropes were then removed by distillation. After reducing the 
volume of the solution to about 20 mL, the solution was cooled to room temperature 
where upon a white solid precipitated. The solid was filtered, dried in vacuo and stored 
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under N2 (1.33 g, 5.0 mmol, 41.3%). 
1H NMR, δ: 3.92 (2H, t, OCH2CH2); 1.62 (2H, m, 
OCH2CH2); 1.37 (2H, m, CH2CH3); 0.95 (3H, t, CH2CH3) ppm. Anal. Calcd. for 
C8H18O2Sn, C, 36.27, H, 6.85%. Found, C, 36.24, H, 6.75%.  
6.3.2 Compounds Derived from D-Gluconolactone 
6.3.2.1 2,3,4,6-Tetra-O-acetyl-D-glucono-1,5-lactone (2.4)93 
A stirred solution of D-glucono-1,5-lactone (5.00 g, 28.1 mmol) in acetic anhydride (30 
mL) containing trifluoroacetic acid (2.5 mL), was kept at room temperature for 3 hours. 
The mixture was concentrated, under vacuum at 70 °C, to give 2,3,4,6-tetra-O-acetyl-D-
glucono-1,5-lactone (2.4) as a translucent, light yellow, syrup (9.50 g, 27.5 mmol, 
97%).1H NMR (CDCl3, 400 MHz) δ 5.57 (1H, t, 
3
JH-H = 9.22 Hz, H-3), 5.38 (1H, t, 
3
JH-
H = 8.97 Hz, H-4), 5.13 (1H, d, 
3
JH-H = 9.19 Hz, H-2), 4.63 (1H, m, H-5), 4.42 (1H, dd, 
2
JH-H = 12.72 Hz, 
3
JH-H = 3.62 Hz, H-6), 4.28 (1H, dd, 
2
JH-H = 12.72 Hz, 
3
JH-H =2.51 Hz, 
H-6’), 2.18, 2.13, 2.10, 2.09 (4 × 3H, COCH3) ppm. 
6.3.2.2 2,4,6-Tri-O-acetyl-3-deoxy-D-erythro-hex-2-enono-1,5-lactone 
(2.5)92,94 
2,3,4,6-Tetra-O-acetyl-D-glucono-1,5-lactone (2.4) (9.50 g, 27.4 mmol) was dissolved 
in CH2Cl2 (40 mL) and cooled to 0 °C, before triethylamine (6 mL, 187.5 mmol) was 
added, in one portion. The yellow solution was kept at 0 °C for 15 minutes. The solution 
was subsequently washed with HCl (2 M, 100 mL), then water (100 mL),  the organic 
layer was dried (MgSO4), filtered through carbon and concentrated to give the product 
(7.83 g, 27.4 mmol, 100%) as a yellow syrup. 1H NMR (CDCl3, 400 MHz) δ 6.47 (1H, 
d, 3JH-H = 4.23 Hz, H-3), 5.65 (1H, dd, 
3
JH-H = 4.11, 
3
JH-H = 5.79 Hz, H-4), 4.79 (1H, dd, 
3
JH-H = 4.69 Hz, 
3
JH-H = 10.29 Hz, H-5), 4.41 (1H, dd, 
2
JH-H = 12.38 Hz, 
3
JH-H = 4.80 Hz, 
H-6), 4.33 (1H, dd, 2JH-H = 12.34 Hz, 
3
JH-H = 4.38 Hz, H-6’), 2.28, 2.15, 2.13, 2.09 (3 × 
3H, COCH3) ppm.  
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6.3.2.3 2,4,6-Tri-O-acetyl-3-deoxy-D-arabino-hexono-1,5-lactone 
(4.24)94 
2,4,6-Tri-O-acetyl-3-deoxy-D-erythro-hex-2-enono-1,5-lactone (2.5) (7.80 g, 27.4 mmol) 
was dissolved in EtOAc (45 mL) and hydrogenated overnight at 5 × 106 Pa in the 
presence of Pd/C (5%, 0.2 g). Filtration and concentration yielded 2,4,6-tri-O-acetyl-3-
deoxy-D-arabino-hexono-1,5-lactone (4.24) (7.80 g, 27.1 mmol, 99%) as a colorless 
syrup. 1H NMR (CDCl3, 400 MHz) δ 5.59 (1H, dd, 
3
JH-H = 7.13 Hz, 
3
JH-H = 12.38 Hz, 
H-2), 5.20 (1H, dt, H-4), 4.64 (1H, m, H-5), 4.38 (1H, dd, 2JH-H = 12.36 Hz, 
3
JH-H = 3.65 
Hz, H-6), 4.28 (1H, dd, 2JH-H = 12.32 Hz, 
3
JH-H = 4.94 Hz, H-6’), 2.45 (1H, m, H-3), 
2.33 (1H,m, H-3’), 2.21, 2.15, 2.13 (3 × 3H, COCH3) ppm. 
13C{1H} NMR (125 MHz, 
CDCl3) δ 170.3-167.4 (3 × COCH3, C-1), 77.1 (C-5), 65.7 (C-4), 64.0 (C-2), 62.7 (C-6), 
30.5 (C-3), 20.9-20.6 (3 × COCH3) ppm. Anal. Calcd. for C12H16O8, C, 50.00, H, 5.59%. 
Found, C, 49.92, H, 5.52%. m/z (CI-ammonia gas): 306 [M+NH4
+]. 
6.3.2.4 3-Acetoxy-6-acetoxymethyl-pyran-2-one (2.2)92 
D-Glucono-1,5-lactone (6.00 g, 33.7 mmol) was stirred with acetic anhydride (20 mL) 
and anhydrous pyridine (20 mL), at 80 °C for 1 hour. The mixture was poured onto 
crushed ice (400 mL) and extracted with CHCl3 (2 × 300 mL). The combined organic 
layers were washed with ice-cold water (2 × 200 mL), dried (MgSO4) and filtered. The 
solution was treated with activated carbon, filtered and concentrated. The product was 
dried under vacuum and yielded a dark yellow syrup (7.3 g, 32.3 mmol, 96%).1H NMR 
(CDCl3, 400 MHz) δ 7.10 (1H, d, 
3
JH-H = 7.09 Hz, H-3), 6.28 (1H, dd, 
3
JH-H = 7.16 Hz, 
H-4), 4.86 (2H, s, H-6, H-6’), 2.33, 2.15 (2 × 3H, COCH3) ppm. m/z (CI-ammonia gas): 
244 [M+NH4
+]. 
6.3.2.5 Acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-ylmethyl ester 
(2.3) 
3-Acetoxy-6-acetoxymethyl-pyran-2-one (2.2) (4.80 g, 21.2 mmol) was dissolved in 
ethyl acetate (50 mL) and added to the Parr reactor, followed by Pd/C (5%, 0.2 g). The 
mixture was stirred under hydrogen (5 × 106 Pa) and heated to 75 °C for 4 hours. The 
product was filtered through celite and the solvent removed under vacuum. A colourless 
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syrup was obtained (4.83 g, 21.0 mmol, 99%). 1H NMR (400 MHz, CDCl3) δ 5.45 (1H, 
dd, 3JH-H = 17.08 Hz, 
3
JH-H = 8.55 Hz, H-2), 4.65 (1H, m, H-5), 4.26 (1 H, dd, 
2
JH-H = 
12.13 Hz, 3JH-H = 3.54 Hz, H-6), 4.18 ( 1 H, dd, 
2
JH-H = 12.16, 
3
JH-H = 6.32 Hz, H-6’), 
2.36 (1H, m, H-3), 2.19 (3H, s, COCH3), 2.11 (3H, s, COCH3), 2.07-1.88 (3H, m, H-3’, 
H-4, H-4’) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ 170.6, 169.8, 168.6 (2 × COCH3, 
C-1), 74.9 (C-5), 65.9 (C-2), 64.9 (C-6), 22.7, 22.4 (C-3, C-4), 20.7 (2 × COCH3) ppm. 
CI (NH4
+): 248 (100%), 306 (30%), 478 (20%). m/z (CI-ammonia gas): 248 [M+NH4
+]. 
[α]D = 0° (CHCl3, 10 mg/mL). Anal. Calcd for C10H14O6: C, 52.17; H, 6.13. Found: C, 
52.11; H, 6.17. 
6.3.2.6 6-Methyl-2-oxo-tetrahydro-2H-pyran-3-yl acetate (4.25) 
Acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-ylmethyl ester (2.3) (2.30 g, 10.0 mmol) 
was dissolved in ethyl acetate (50 mL) and added to the Parr reactor, followed by Pd/C 
(5%, 0.2 g) and triethylamine (4.3 mL, 30.0 mmol). The mixture was stirred, under 
hydrogen (5 × 106 Pa), and heated at  50 °C for 1 day. The product was filtered through 
celite and the solvent removed under vacuum. The crude product was dissolved in 
CH2Cl2 (200 mL) and washed with water (3 × 200 mL). The solvent was removed and 
the resulting product dried under vacuum. The resulting syrup was sublimed under 
vacuum, at 50 °C, affording white crystals (1.20 g, 7.0 mmol, 70%). 1H NMR (400 
MHz, CDCl3) δ 5.46 (1H, dd, 
3
JH-H = 10.56 Hz, 
3
JH-H = 8.87 Hz, H-2), 4.60 (1H, m, H-
5), 2.36 (1H, m, H-3), 2.20 (3H, s, COCH3), 2.12-2.00 (1H, m, H-4), 2.00-1.88 (1H, m, 
H-3’), 1.88-1.75 (1H, m, H-4’), 1.42 (3H, d, 3JH-H = 6.22 Hz, H-6) ppm. 
13C {1H} NMR 
(125 MHz, CDCl3) δ 169.9, 169.6 (COCH3, C-1), 74.2 (C-5), 66.0 (C-2), 27.8 (C-4), 
23.0 (C-3), 21.0 (C-6), 20.8 (COCH3) ppm. m/z (CI-ammonia gas): 190 [M+NH4
+]. 
Anal. Calcd for C8H12O4: C, 55.81; H, 7.02. Found: C, 55.81; H, 7.05%. 
6.3.2.7 Methyl 2,3,4,6-tetra-O-acetyl-D-gluconate (3.1)92,93 
para-Toluenesulfonic acid (p-TSA) (20 mg) was dissolved in methanol (10 mL) and 
stirred for 10 minutes before adding 2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone (2.4) 
(1.00 g, 2.9 mmol) to it. The mixture was heated to 30 °C, and the reaction monitored 
by TLC (ethyl acetate:petroleum, 1:1, Rf = 0.26) until the reactant (Rf = 0.44) was no 
longer observed. Then, the product was pre-absorbed onto silica before being purified 
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by column chromatography (silica gel, ethyl acetate:petroleum, 1:1). The product 
obtained as a colourless syrup, after removal of the solvent, which crystallized 
overnight to afford white crystals (0.95 g, 2.5 mmol, 86%). 1H NMR (CDCl3, 400 MHz) 
δ 5.74 (1H, m, H-3), 5.31 (1H, m, H-2), 5.20 (1H, m, H-4), 4.15 (2H, m, H-6, H-6’), 
3.87 (1H, m, H-5), 3.76 (3H, s, OCH3), 2.18, 2.16, 2.11 (4 × 3H, COCH3) ppm. 
6.3.3 Compounds Derived from D-Xylose 
6.3.3.1 1,2,3,4-Tetra-O-benzyl-D-xylopyranoside (4.12)153 
D-(+)-Xylose (3.00 g, 20.0 mmol) was added to a dry flask (250 mL), followed by dry 
DMF (100 mL). Sodium hydride (60%, dispersed in mineral oil, 8.80 g, 220.0 mmol) 
was added slowly to the mixture, which was then stirred vigorously, under nitrogen, for 
20 minutes at 0 °C. Benzyl bromide (23.94 g, 140.0 mmol) was added drop-wise into 
the mixture. The reaction mixture was warmed to room temperature and stirred 
overnight, under nitrogen. The reaction was quenched, by adding methanol until no 
bubbling was observed. Water (150 mL) was added and the mixture extracted with 
CHCl3 (3 × 150 mL). The combined organic layers were dried (MgSO4) and the solvent 
was removed in vacuo. An orange oil was obtained which was shown by 1H NMR to 
contain a large amount of DMF. DMF was removed by distillation (60 °C, 0.01 mmHg) 
and the dark yellow syrup which remained was recrystallised from hexane. The pure 
product (5.71 g, 11.2 mmol, 56%) was obtained as colourless needle-shaped crystals. 
The 1H NMR spectrum matched that reported in the literature.153  1H NMR (CDCl3, 400 
MHz) δ 7.38-7.26 (20H, m, Ar-H), 4.94-4.47 (8H, O-CH2-Ar), 4.48 (1H, d, 
3
JH-H = 7.56 
Hz, H-1), 3.97 (1H, dd, 3JH-H = 11.6 Hz, H-5), 3.64 (1H, m, H-4), 3.59 (1H, t, 
3
JH-H = 
8.77 Hz, H-3), 3.45 (1H, t, 3JH-H = 7.78 Hz, H-2), 3.23 (1H, dd, 
3
JH-H = 11.6Hz, H-5) 
ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 138.66, 138.43, 138.15, 137.35 (CH2C(CH)5), 
128.45-127.62 (CH2C(CH)5), 103.17 (C-1), 83.78 (C-3), 81.94 (C-2), 77.90 (C-4), 
75.62, 74.99, 73.37, 71.12 (4 × OCH2), 63.96 (C-5) ppm. m/z (CI-ammonia gas): 528 
[M+NH4
+].  
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6.3.3.2 2,3,4-Tri-O-benzyl-D-xylopyranose (4.10)154 
1,2,3,4-Tetra-O-benzyl-D-xylopyranoside (4.12) (4.80 g, 9.4 mmol) was dissolved in 
trifluoroacetic acid (22.50 mL) and water (7.50 mL) and the solution was heated, at 35 
°C for 7 hours. The reaction was monitored by TLC (toluene:ethyl acetate, 1:2, Rf = 
0.65). Once the starting material was no longer observed by TLC (Rf = 0.79), the TFA 
was removed  in vacuo, affording a white solid, which was then recrystallised from 
methanol to give the desired product (2.80 g, 6.7 mmol, 71%).1H NMR (CDCl3, 500 
MHz) δ 7.38-7.36 (15H, m, Ar-H), 4.92-4.58 (6H, O-CH2-Ar), α anomer: 5.14 (1H, d, 
H-1), 3.90 (1H, t, H-3), 3.83 (1H, t, H-5) , 3.69 (1H, dd, H-5), 3.59 (1H, m, H-4), 3.52 
(1H, H-2) ; β anomer: 4.57 (1H, d, H-1), 3.97 (1H, dd, H-5), 3.64 (1H, m, H-4), 3.66 
(1H, H-3), 3.35 (1H, H-2), 3.30 (1H, dd, H-5) ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 
138.64-137.82, 128.54-127.72, 75.53-73.23, α anomer: 91.49 (C-1), 80.45 (C-3), 79.44 
(C-2), 77.48 (C-4), 60.41 (C-5); β anomer: 97.77 (C-1), 83.21 (C-3), 82.33 (C-2), 77.55 
(C-4), 63.75 (C-5) ppm. m/z (CI-ammonia gas): 438 [M+NH4
+]. Anal. Calcd for 
C26H28O5: C, 74.26%; H, 6.71%. Found: C, 74.18%; H, 6.82%. 
6.3.3.3 2,3,4-Tri-O-benzyl-D-xylonolactone (4.11)156,162 
A mixture of Pd(OAc)2 (11.2 mg, 0.05 mmol) and PPh3 (26.2 mg, 0.1 mmol) in dry 
THF (25 mL) was stirred under nitrogen for 2 min, before 2,3,4-tri-O-benzyl-D-xylose 
(4.10) (1.05 g, 2.5 mmol), K2CO3 (0. 69 g, 5.0 mmol) and bromobenzene (0.56 mL, 5.0 
mmol) were added. The mixture was stirred vigorously, under reflux (65 °C) for 6 hours, 
cooled to room temperature, diluted with water (100 mL) and extracted with ethyl 
acetate (100 mL). The organic layer was washed with water (100 mL), then dried 
(MgSO4) and filtered. The solvents and excess bromobenzene were removed, under 
reduced pressure, at 70 °C. Further purification by recrystallization from petroleum 
ether/EtOAc (9:1) afforded the product as a white solid (0.98 g, 94%). 1H NMR (CDCl3, 
400 MHz) δ 7.45-7.29 (15H, m, Ar-H), 5.07-4.53 (6H, O-CH2-Ar), 4.43 (1H, dd, 
2
JH-H 
= 12.31 Hz, 3JH-H = 3.21 Hz, H-5), 4.32 (1H, dd, 
2
JH-H = 12.27 Hz, 
3
JH-H = 1.95 Hz, H-
5’), 4.16 (1H, d, 3JH-H = 6.63 Hz, H-2), 3.93 (1H, d, 
3
JH-H = 6.63 Hz, H-3), 3.80 (1H, m, 
H-4) ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 169.77 (C-1), 137.33, 137.08, 137.0, 
128.58-127.8, 81.33 (C-3), 78.11 (C-2), 75.15 (C-4), 73.32, 72.76, 70.57, 65.68 (C-5) 
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ppm. m/z (CI-ammonia gas): 436 [M+NH4
+]. Anal. Calcd for C26H28O5: C, 74.62%; H, 
6.26%. Found: C, 74.59%; H, 6.14%. 
6.3.3.4 3,5-Bis-benzyloxy-5,6-dihydro-pyran-2-one (4.13)163  
The stock solution of DMAP (0.01 M in dry CH2Cl2, 1.3 mL) and BnOH (0.01 M in dry 
CH2Cl2, 0.6 mL) were added into an oven dried flask. The solvent was removed and the 
residue was dried under vacuum for 2 minutes. Then, the dried monomer-compound 
4.11 (0.084g, 0.2 mmol) and stirrer were added into the flask successively. The flask 
was heated, to 120 °C for an hour, to yield a brown solid (0.06 g, 90%). The NMR 
spectrum was in accordance with literature values.163 1H NMR (CDCl3, 500 MHz) δ 
7.41-7.29 (10H, m, Ar-H), 5.77 (1H, d, 3JH-H = 5.78 Hz, H-3), 4.94 (2H, s, O-CH2-Ar), 
4.54 (2H, s, O-CH2-Ar), 4.55 (1H, dd, 
3
JH-H = 4.56 Hz, H-5), 4.39 (1H, dd, 
3
JH-H = 4.4 
Hz, H-5), 4.22 (1H, m, H-4) ppm. DEPT 135 NMR (CDCl3, 125 MHz) δ 128.7-127.4, 
109.1 (C-3), 70.6 (O-CH2-Ar), 70.4 (O-CH2-Ar), 69.6 (C-5), 67.8 (C-4) ppm. m/z (CI-
ammonia gas): 328 [M+NH4
+].  
6.3.3.5 2,3,4-Tris-benzyloxy-5-hydroxy-pentanoic acid methyl ester 
(4.14) 
Para-toluene sulfonic acid (p-TSA) (7.6 mg) was dissolved in MeOH (10 mL), to make 
a stock solution. 2,3,4-Tri-O-benzyl-1,5-lactone (42 mg, 0.1 mmol) was added to a dry 
flask, followed by the p-TSA solution in methanol (1 mL). As the lactone has poor 
solubility in MeOH, CH2Cl2 was added dropwise (about 1.5 mL) to dissolve it. The 
solution was stirred for 20 hours at room temperature. TLC (toluene/ethyl acetate = 2:1) 
analysis revealed the presence of a new compound in the reaction mixture (Rf = 0.47). 
The Rf for the starting material was 0.66. The product was pre-absorbed on silica and 
purified by column chromatography (silica gel, toluene/ethyl acetate = 2:1) and isolated 
as a white powder (30 mg, 0.06 mmol, 60%). Rf = 0.47 (SiO2, toluene/ethyl acetate = 
2:1). 1H NMR (500 MHz, CDCl3, δ ppm): 7.36-7.20 (m, 15H, Ar-H), 4.84 (d, 
3
JH-H = 
11.56 Hz, 1H, O-CH2-Ar), 4.46 (d, 
3
JH-H = 11.57 Hz, 1H, O-CH2-Ar), 4.74 (d, 
3
JH-H = 
11.62 Hz, 1H, O-CH2-Ar), 4.58 (d, 
3
JH-H = 11.45 Hz, 1H, O-CH2-Ar), 4.66 (d, 
3
JH-H = 
10.48 Hz, 2H, O-CH2-Ar), 4.24.( d, 
3
JH-H = 3.94 Hz, 1H, H-2), 4.08 (dd, 
3
JH-H= 3.99 Hz, 
2
JH-H = 6.39 Hz, 1H, H-3), 3.79 (m, 1H, H-4), 3.73 (dd, 
3
JH-H = 4.03 Hz, 
2
JH-H = 12.00 
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Hz,1H, H-5), 3.50 (dd, 3JH-H= 4.75 Hz, 
2
JH-H = 11.93 Hz, 1H, H-5), 3.64 (s, 3H, -OCH3). 
13C{1H} NMR (125 MHz, CDCl3, δ ppm): 171.07 (C-1), 138.02 (ArC), 137.85 (ArC), 
136.81 (ArC), 128.58-127.89 (ArC), 79.29 (C-4), 79.10 (C-3), 78.09 (C-2), 74.53 (O-
CH2-Ar), 73.06 (O-CH2-Ar), 61.37 (C-5), 51.97 (-O-CH3). m/z (CI-ammonia gas): 468 
[M+NH4
+].  Anal. Calcd for C27H30O6: C, 71.98%; H, 6.71%. Found: C, 71.87%; H, 
6.81%. 
6.3.3.6 2,3,4-Tri-O-acetyl-D-xylopyronose (3.3)143   
A solution of D-xylose (5.00 g, 33.3 mmol) in acetic anhydride (30 mL) containing TFA 
(2.50 mL) was stirred at room temperature for 20 hours. The solvent was removed 
under vacuum. Toluene (40 mL) was added to the residue and distilled to remove the 
last traces of impurities. The product, 1,2,3,4-tetra-O-acetyl-D- xylopyranoside (10.60 g, 
33.3 mmol, 100%), was dissolved in CH2Cl2 (240 mL) and HBr (24.00 mL, 33% in 
AcOH) was added to the solution at 0 °C and the mixture stirred for 1 hour, followed by 
a further hour at room temperature. The solution was diluted with CH2Cl2 (500 mL) and 
washed with iced water (400 mL), 1% NaHCO3 (400 mL), concentrated NaHCO3 (400 
mL), brine (400 mL) and then dried (MgSO4). The product was filtered and 
concentrated to yield a colourless oil (10.70 g, 31.3 mmol, 94%). A recrystallisation 
from hexane resulted in a colourless solution which turned black over two days. Some 
colourless crystals were mixed with a black impurity. The mixture showed two spots by 
TLC (ethyl acetate/hexane = 1:1), whose Rf values were 0.5 and 0.2 respectively. The 
mixture was separated by column chromatography (silica gel, ethyl acetate/hexane = 1:1) 
and the expected product was obtained (Rf = 0.2, 1.30 g, 4.7 mmol, 15%). 
1H NMR 
(CDCl3, 500 MHz) δ α anomer: 5.53 (1H, t, 
3
JH-H = 9.55 Hz, H-3), 5.38 (1H, d, 
3
JH-H = 
3.46 Hz, H-1), 4.95 (1H, dt, 3JH-H = 9.83, 
3
JH-H = 9.81, 
3
JH-H = 5.97 Hz, H-4), 4.83 (1H, 
dd, 3JH-H = 9.82, 
3
JH-H = 3.26 Hz, H-2), 3.95-3.75 (2H, m, H-5, H-5’), 2.09 (3H, s, 
COCH3), 2.04 (6H, d, 2 × COCH3); β anomer: 5.25 (1H, t, 
3
JH-H = 9.19 Hz, H-3), 5.05-
4.93 (1H, m, H-4), 4.84 (1H, dd, 3JH-H = 9.57, 
3
JH-H = 7.37 Hz, H-2), 4.70 (1H, d, 
3
JH-H 
= 7.55 Hz, H-1), 4.15 (1H, dd, 2JH-H = 12.07, 
3
JH-H = 6.19 Hz, H-5), 3.39 (1H, dd, 
2
JH-H 
= 11.68, 3JH-H = 10.02 Hz, H-5’), 2.09 (3H, s, COCH3), 2.04 (6H, d, 2 × COCH3) ppm. 
m/z (CI-ammonia gas): 294 [M+NH4
+]. 
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6.3.4 Compounds Derived from 2-Deoxy-D-ribose 
6.3.4.1 Benzylation of 2-Deoxy-D-ribose 
2-Deoxy-D-ribose (3.35 g, 25.0 mmol) was added to an oven dried flask, followed by 
dry DMF (200 mL) and stirred under nitrogen. The flask was cooled, in an ice bath, and 
NaH (4.20 g, 60% in mineral oil, 175 mmols, 7 eq) was added slowly to the mixture, 
before stirring it for 30 minutes. Benzyl bromide (14.78 mL, 125 mmol, 5 eq) was 
added to the flask, slowly, and the reaction mixture was stirred, under nitrogen, at 0 °C, 
before the temperature was allowed to slowly warm to room temperature. The reaction 
was quenched by dropwise addition of water (20 mL) over a period of several hours. A 
further quantity of water (500 mL) was added to the flask once effervescence had 
ceased. The mixture was extracted with CHCl3 (3 × 250 mL) and the combined organic 
layers dried (MgSO4), before removal of the solvent. The resulting brown oil (200 mL) 
was distilled (60 °C, 10-3 mmHg) which effected the removal of any remaining DMF. 
The residue was purified by column chromatography (silica gel, petroleum ether:ethyl 
acetate, 5:1). Different compounds were obtained, having Rf values (petroleum 
ether:ethyl acetate, 5:1) of 0.41 (0.56 g, 1.4 mmol, 5%), 0.33 (0.82 g, 2.0 mmol, 8%) 
and 0.27 (2.60 g, 6.4 mmol, 26%) which corresponded to the two isomers of the 
furanosides and the pyranosides respectively.  
1,3,4-Tri-O-benzyl-α-D-erythro-2-deoxy-pentopyranoside (4.15α)  
1H NMR (CDCl3, 500 MHz) δ 7.37-7.29 (Ar-H), 5.08 (1H, t, 3JH-H = 3.0 Hz, H-1), 4.77 
(d, 2H, 3JH-H = 4.1 Hz, Ar-CH2-C), 4.74 (1H, d, 
3
JH-H = 11.9 Hz, Ar-CH2-C), 4.58 (2H, s, 
Ar-CH2-C), 4.51 (1H, d, 
3
JH-H = 12.0 Hz. Ar-CH2-C), 3.99 (1H, m, H-3), 3.87 (1H, dd, 
3
JH-H = 3.4 Hz, 
2
JH-H = 12.2 Hz, H-5), 3.77 (2H, dd, 
3
JH-H = 1.3 Hz, 
2
JH-H = 12.4 Hz, H-5’, 
H-4), 2.30 (1H, m, H-2), 1.99 (1H, m, H-2’) ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 
128.38-127.53, 97.36 (C-1), 72.72 (C-3), 72.51 (C-4), 61.24 (C-5), 71.47, 70.40, 69.13 
(Ar-CH2-C), 32.00 (C-2) ppm. m/z (CI-ammonia gas): 422 [M+NH4
+]. 
1,3,4-Tri-O-benzyl-β-D-erythro-2-deoxy-pentopyranoside (4.15β) 
1H NMR (CDCl3, 500 MHz) δ 7.43-7.29 (15H, m, Ar-H), 4.92 (1H, d, 
3
JH-H = 12.08 Hz, 
Ar-CH2-C), 4.77 (2H, q, Ar-CH2-C), 4.60 (3H, m , Ar-CH2-C), 4.56 (1H, dd, 
3
JH-H = 
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2.88 Hz, 2JH-H = 7.58 Hz, H-1), 4.20 (1H, dd, 
2
JH-H = 12.28 Hz, 
3
JH-H = 4.06 Hz, H-5), 
3.68-3.62 (2H, m, H-3, H-4), 3.35 (1H, dd, 2JH-H = 12.27 Hz, 
3
JH-H = 1.62 Hz, H-5’), 
2.34-2.21(1H, m, H-2), 2.00(1H, m, H-2’) ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 
128.37-127.56, 98.29 (C-1), 74.19 (C-4), 71.59 (C-3), 62.58 (C-5), 71.09, 70.09, 69.72 
(Ar-CH2-C), 32.83 (C-2) ppm. m/z (CI-ammonia gas): 422 [M+NH4
+]. 
1,3,4-Tri-O-benzyl-α-D-erythro-2-deoxy-pentofuranoside (4.16α)  
1H NMR (CDCl3, 500 MHz) δ 7.36-7.31 (15H, m, Ar-H), 5.35 (1H, dd, 
3
JH-H = 1.8 Hz, 
2
JH-H = 5.4 Hz, H-1), 4.74 (1H, d, 
3
JH-H = 11.7 Hz, Ar-CH2-C), 4.61 (2H, d, 
3
JH-H = 2.7 
Hz, Ar-CH2-C), 4.54 (2H, d, 
3
JH-H = 5.8 Hz, Ar-CH2-C), 4.46 (1H, d, 
3
JH-H = 11.7 Hz, 
Ar-CH2-C), 4.35 (1H, dt, 
3
JH-H = 3.9 Hz, 
2
JH-H = 6.3 Hz, H-4), 4.23 (1H, m, H-3), 3.61 
(2H, m,H-5, H-5’), 2.36 (1H, m, H-2), 2.20 (1H, m, H-2’) ppm. 13C{1H} NMR (CDCl3, 
125 MHz) δ 128.43-127.73, 103.65 (C-1), 83.05 (C-4), 80.08 (C-3), 72.06 (C-5), 73.36, 
71.64, 69.29 (Ar-CH2-C), 39.49 (C-2) ppm. m/z (CI-ammonia gas): 422 [M+NH4
+].  
1,3,4-Tri-O-benzyl-β-D-erythro-2-deoxy-pentofuranoside (4.16β) 
1H NMR (CDCl3, 500 MHz) δ 7.37-7.29 (Ar-H), 5.30 (1H, dd, 
2
JH-H = 5.52 Hz, 
3
JH-H 
=1.4 Hz, H-1), 4.86 (1H, d, 3JH-H = 12.3 Hz, Ar-CH2-C), 4.58 (5H, m, Ar-CH2-C), 4.33 
(1H, dd, 3JH-H = 4.4 Hz, 
2
JH-H = 8.7 Hz, H-4), 4.05 (1H, m, H-3), 3.59 (2H, m, H-5, H-
5’), 2.30 (1H, m, H-2), 2.14 (1H, m, H-2’) ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 
128.38-127.53 ppm. 13C{1H} NMR (CDCl3, 125 MHz) δ 102.86 (C-1), 82.05 (C-4), 
78.66 (C-3), 70.08 (C-5), 73.44, 71.54, 68.90 (Ar-CH2-C), 38.81 (C-2) ppm. m/z (CI-
ammonia gas): 422 [M+NH4
+]. 
6.3.4.2 3,4-Di-O-benzyl-D-erythro-2-deoxy-pentopyranose (4.17)  
The substrate (4.15β) (0.10 g, 0.25 mmol), H2O (0.50 mL) and TFA (1 mL) were stirred 
at room temperature overnight. The reaction was quenched by the addition of a 
saturated NaHCO3 solution (5 mL) and extracted with CHCl3 (3 × 5 mL). Having 
removed the solvent, the crude product was purified by column chromtography (silica 
gel, petroleum ether/ethyl acetate = 5:1) and the product was obtained as a light yellow 
syrup (Rf = 0.13, petroleum ether:ethyl acetate, 3:1, 5.6 mg, 18 µmol, 7.5%). 
1H NMR 
(CDCl3, 500 MHz) δ 7.26-7.37 (10H, m, Ar-H), α anomer: 5.36 (1H, dd, 
3
JH-H = 3.35 
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Hz, H-1), 4.59-4.87 (4H, Ar-CH2-C), 3.96 (1H, dt, 
3
JH-H = 9.36 Hz, H-3), 3.87 (2H, dt, 
2
JH-H = 12.00 Hz, 
3
JH-H = 3.48 Hz, H-5), 3.66 (1H, m, H-4), 2.25 (1H, ddd, 
2
JH-H = 12.94 
Hz, 3JH-H = 9.74 Hz, 
3
JH-H = 3.13 Hz, H-2), 1.85(1H, m, H-2’), β anomer: 5.03 (1H, H-
1), 4.59-4.87 (4H, Ar-CH2-C), 4.13 (1H, dd, 
2
JH-H = 11.37 Hz, 
3
JH-H = 9.60 Hz, H-5), 
4.04 (1H, m,  H-3), 3.69 (1H, H-5), 3.60 (1H, m, H-4), 2.13 (1H, ddd, 2JH-H = 13.84 Hz, 
3
JH-H = 5.13 Hz, 
3
JH-H = 1.93 Hz, H-2), 1.85 (1H, ddd, 
2
JH-H = 11.55 Hz, 
3
JH-H = 2.73 Hz, 
3
JH-H = 2.73 Hz, H-2’) ppm. 
13C{1H} NMR (CDCl3, 125 MHz) δ 128.50-127.52, α 
anomer: 92.77 (C-1), 72.89 (C-4), 71.12 (C-3), 61.53 (C-5), 32.87 (C-2), β anomer: 
92.00 (C-1), 74.34 (C-4), 73.93 (C-3), 57.93 (C-5), 34.44 (C-2) ppm. m/z (CI-ammonia 
gas): 332 [M+NH4
+]. 
6.3.4.3 3,4-O-Isopropylidene-2-deoxy-D-ribose (4.19)142 
2-Methoxypropene (4.62 mL, 48.5 mmol) was added to a suspension of 2-deoxy-D- 
ribose (5.00 g, 37.3 mmol) and pyridinium tosylate (187 mg, 0.8 mmol) in dry ethyl 
acetate (80 mL) and stirred for 3 h at room temperature. TLC (diethyl ether) monitoring 
indicated the formation of the major product (Rf = 0.5). Subsequently, the reaction was 
quenched by addition of a phosphate buffer (pH = 5.5, 20 mL), with stirring at room 
temperature for 10 minutes. The suspension dissolved instantaneously on addition of the 
buffer solution. The organic layer was separated and the aqueous layer extracted with 
dichloromethane (3 × 80 mL). The combined organic layers were washed with brine (2 
× 50 mL), dried (Na2SO4), filtered and concentrated in vacuo to give a yellow oil. 
Purification by column chromatography on silica gel (diethyl ether/hexane = 1:1, Rf = 
0.3) afforded 2-deoxy-3,4-O-isopropylidene-D-ribose (3.66 g, 56%, mixture of anomers 
α:β, 2:1) as a colourless oil. 1H NMR  (CDCl3, 500 MHz) δ 1.34 (3H, s, C(CH3)2α), 1.36 
(3H, s, C(CH3)2 β), 1.50 (3H,  s, C(CH3)2α), 1.56 (3H, s, C(CH3)2β), 1.77 (1H, ddd, 
2
JH-
H =  14.8 Hz, 
3
JH-H  = 7.1 Hz, 
3
JH-H = 4.2 Hz, H-2α),  2.09 (2H, m, H-2β, H-2’β), 2.24 
(1H, td,  2JH-H =  14.8 Hz, 
3
JH-H  = 4.3 Hz, 
3
JH-H = 4.3 Hz,  H-2’α), 2.87 (1H, d, 
3
JH-H  = 
2.9 Hz, OHα), 3.65-3.71 (2H, m, H-5α, H-5β), 3.9 (1H, d, 3JH-H = 3.9 Hz, OHβ), 3.91-
3.97 (2H, m, H-5’α, H-5’β), 4.14-4.20 (2H, m, H-4β, H-4α), 4.42 (1H, dd, 3JH-H  = 10.2 
Hz, 3JH-H = 4.7 Hz, H-3β), 4.48 (1H, m, H-3α), 5.07 (1H, td, 
3
JH-H  = 8.8 Hz, 
3
JH-H  = 3.7 
Hz, 3JH-H  = 3.7 Hz, H-1β), 5.26 (1H, td, 
3
JH-H  = 7.2 Hz, 
3
JH-H  = 3.8 Hz, 
3
JH-H  = 3.8 Hz, 
H-1α) ppm. 13C{1H} NMR (CDCl3, 125 MHz): 25.3, 27.2(C(CH3)2α), 25.5, 28.0 
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(C(CH3)2β), 32.1(C-2α), 32.2 (C-2β), 60.6 (C-5β), 62.0 (C-5α), 70.4 (C-3α), 70.6 (C-3β), 
71.2 (C-4β) 71.6 (C-4α), 91.0 (C-1α), 91.4 (C-1β), 108.7 (C(CH3)2α), 109.3 (C(CH3)2β) 
ppm. m/z (CI-ammonia gas): 192 (M+NH4
+, 35% ), 174 (100%).  
6.3.4.4 3,4-O-Isopropylidene-2-deoxy-D-ribono-1,5-lactone (4.20)164 
3,4-O-Isopropylidene-2-deoxy-D-ribose (4.19) (2.00 g, 11.5 mmol) was dissolved in 
dichloromethane (30 mL). Pyridinium chlorochromate (4.92 g, 23.0 mmol) was added 
and the solution heated to reflux.  After 8 hours, the reaction was allowed to cool, then 
diluted with diethyl ether (80 mL), decanted, filtered through celite, concentrated and 
filtered through silica using ethyl acetate. This solution was concentrated in vacuo to 
give a green crystalline solid. Purification by sublimation (75 ºC, 10-3 mmHg) yielded 
3,4-O-isopropylidene-2-deoxy-D-ribono-1,5-lactone (1.05 g, 53%) as a white solid. 1H 
NMR (CDCl3, 400 MHz) δ 1.37 (3H, s, C(CH3)2), 1.48 (3H, s, C(CH3)2), 2.56 (1H, dd, 
2
JH-H  = 16.02 Hz, 
3
JH-H  = 4.00 Hz, H-2’), 2.88 (1H, dd, 
2
JH-H = 16.02 Hz, 
3
JH-H  =  2.40 
Hz, H-2), 4.14(1H, dd, 2JH-H = 13.21 Hz, 
3
JH-H  = 2.00 Hz, H-5’), 4.43 (1H, dd, 
2
JH-H = 
8.80 Hz, 3JH-H = 1.2 Hz, H-5) 4.51 (1H, m, H-4), 4.76 (1H, m, H-3) ppm.
 13C{1H} NMR 
(CDCl3, 100 MHz), δ 24.5, 26.4 (C(CH3)2), 35.1 (C-2), 68.8 (C-5), 71.6 (C-4), 81.6 (C-
3), 109.9 (C(CH3)2), 169.8 (C-1) ppm. 
6.3.4.5 2-Deoxyribonolactone (4.21)165 
3,4-O-Isopropylidene-2-deoxy-D-ribono-1,5-lactone (4.20) (0.30 g, 1.7 mmol) was 
added to a solution of TFA (4 mL), water (0.2 mL) and THF (4mL). The solution was 
stirred at room temperature and the reaction monitored by TLC (ethyl acetate, Rf = 0.26) 
until the starting material had been consumed. The solvent was removed in vacuo. The 
product was then pre-absorbed on silica and purified by column chromatography (silica 
gel, ethyl acetate, Rf = 0.26). The product was obtained as a colourless oil (0.02 g, 0.15 
mmol, 9%), which had poor solubility in CHCl3, resulting weak 
1H NMR signals using 
CDCl3. 
1H NMR (CDCl3, 500 MHz) δ 4.60 (1H, m, H-3), 4.46 (1H, q, 
3
JH-H = 3.17 Hz, 
H-4), 3.97 (1H, dd, 3JH-H = 3.29 Hz, 
2
JH-H = 12.31 Hz, H-5), 3.85 (1H, dd, 
2
JH-H = 12.34 
Hz, 3JH-H = 3.22 Hz, H-5’), 2.99 (1H, dd, 
2
JH-H = 18.01 Hz, 
3
JH-H = 7.09 Hz, H-2), 2.57 
(1H, dd, 2JH-H = 18.04 Hz, 
3
JH-H = 3.89 Hz, H-2’) ppm. 
13C{1H} NMR (CDCl3, 125 
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MHz) δ 175.81 (C-1), 87.73 (C-3), 68.71 (C-4), 61.93 (C-5), 38.36 (C-2) ppm. m/z (CI-
ammonia gas): 150 [M+NH4
+]. 
6.3.5 Compounds Derived from 1,2,6-Hexanetriol 
6.3.5.1 6-(Benzyloxy)hexane-1,5-diol (4.22)160 
1,2,6-Hexanetriol (2.00 g, 14.9 mmol) and bis(tributyltin) oxide (4.7 mL, 6.8 mmol) 
were dissolved in toluene (50 mL). The solution was heated at 130 °C, overnight, 
employing a Dean Stark trap. The mixture was cooled to room temperature and benzyl 
bromide (2 mL. 14.9 mmol) and tetrabutylammonium bromide (3.80 g, 11.6 mmol) 
were added. The solution was heated at 90 °C for 5 hours. The reaction mixture was 
cooled to room temperature and diluted with CH2Cl2 (100 mL), and washed with 
saturated aqueous NaHCO3 (45 mL). The organic phase was separated and the aqueous 
phase was extracted with CH2Cl2 (3 × 90 mL). The combined organic layers were 
washed with brine (45 mL), dried (Na2SO4), and concentrated. The resulting oil was 
purified by column chromatography (silica gel, ethyl acetate, Rf = 0.39) to afford the 
product as a colorless oil (2.00g, 59.8%). 1H NMR (CDCl3, 400 MHz) δ 7.35 (5H, m, 
ArH), 4.55 (2H, s, Ar-CH2), 3.84 (m, 1H, H-2), 3.65 (m, 2H, H-6), 3.53 (dd, 1H, H-1), 
3.35 (dd, 1H, H-1’), 1.4-1.7 (m, 6H, H-3, H-4, H-5) ppm. 13C {1H} NMR (125 MHz, 
CDCl3) δ 137.9 ((CH)5CCH2), 128.5-127.7 ((CH)5CCH2), 74.5 (C-1), 73.3 
((CH)5CCH2), 70.3 (C-2), 62.7 (C-6), 32.6, 32.5, 21.7 (C-3, C-4, C-5) ppm. m/z (CI-
ammonia gas): 242 [M+NH4
+] (100%), 225 (50%). 
6.3.5.2 (S)-6-(Benzyloxymethyl)-tetrahydropyran-2-one (4.23)160,166  
6-(Benzyloxy)hexane-1,5-diol (5.0 g, 22.3 mmol) was dissolved in dry DCM (150 mL). 
Crushed molecular sieves (5 Å, 7.0 g) were added into the solution, followed by 
pyridinium chlorochromate (PCC) (8.80 g, 40.8 mmol). After 3 hours stirring, another 
equal portion of PCC (8.80 g, 40.8 mmol) was added into the mixture. The solution was 
stirred for 16 hours and then filtered through silica gel, using ethyl acetate. Activated 
carbon was added into the filtrate and the suspension stirred overnight. Then, the 
mixture was filtered through Celite. The solvent was removed under decreased pressure 
and the resulting oil was purified by column chromatography (silica, ethyl 
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acetate/petroleum, 1:1, v/v) to yield the product as a colorless oil160,166 (1.5 g, 6.82 
mmol, 30.6%). 1H NMR (400 MHz, CDCl3) δ 7.37–7.27 (m, 5H, ArH), 4.58 (s, 2H, Ar-
CH2), 4.48 (m, 1H, H-5), 3.61 (m, 2H, H-6), 2.61 (m, 1H, H-2), 2.46 (m, 1H, H-2’), 
1.97–1.69(m, 4H, H-3, H-4) ppm. 13C {1H} NMR (125 MHz, CDCl3) δ 171.2 (C-1), 
137.74 ((CH)5CCH2), 128.4-127.7 ((CH)5CCH2), 79.1 (C-5), 73.6 ((CH)5CCH2), 71.8 
(C-6), 29.6 (C-2), 24.6 (C-4), 18.2 (C-3) ppm. m/z (CI-ammonia gas): 238 [M+NH4
+] 
(100%), 458 (40%). 
6.3.6 Polymerisations of L-Lactide  
6.3.6.1 General Lactide Polymerisation Protocol 
General protocol (Co-initiator 3.2): Methyl-2,3,4-tri-O-benzyl-D-xylonate (0.036g, 0.08 
mmol) was dissolved in CH2Cl2 (3.30 mL) to make a stock solution. L-Lactide (0.432 g, 
3 mmol) was added into an oven dried vial, followed by the zinc complex, LZnEt, 
(0.0055g, 0.013 mmol). Then CH2Cl2 (2.5 mL) and the stock solution (0.5 mL) were 
added, so as to make a solution of concentration 1 M in lactide. The polymerisation was 
conducted at 25 °C.  Aliquots were withdrawn at regular intervals and were quenched 
by addition into wet hexane. The PLLA was purified by dissolving it in CH2Cl2 and 
precipitation into hexane. The purification was carried out three times and the PLLA 
was dried in vacuo for 4 hours prior to analysis (0.39 g, 91%).  
Methyl-2,3,4-tri-O-benzyl-D-xylonate-poly(L-lactide) 
1H NMR (500 MHz, CDCl3, δ ppm): 7.34-7.31 (m, 15H, Ar-H), 5.18 (q, 
3
JH-H = 7.10 Hz, 
2nH, COCH(CH3)O), 4.81-3.76 (m, 12H, -OCH2Ar, -CH(CH3)OH, H-2, H-3, H-4, H-5, 
H-5’),  3.61 (s, 3H, OCH3), 1.59 (d, 6nH, CHCH3). 
Methyl-2,3,4,6-tetra-O-acetyl-D-gluconate-poly(L-lactide)  
Prepared according to general polymerisation protocol on the following scale:  Methyl-
2,3,4,6-tetra-O-acetyl-D-gluconate 3.1 (0.0138 g, 0.05 mmol), L-lactide (1.8 g, 12.5 
mmol), LZnEt, (0.023 g, 0.055 mmol) and CH2Cl2 (12.5 mL) and yielded methyl-
2,3,4,6-tetra-O-acetyl-D-gluconate-poly(L-lactide) (1.62 g, 91%).  
CHAPTER 6 
184 
1H NMR (400 MHz, CDCl3, δ ppm): 5.50-5.10 (m, 4H, H-2, H-3, H-4, H-5), 5.21-5.16 
(m, 2nH, COCH(CH3)O), 4.40-4.20 (m, 3H, H-6, H-6’, CH(CH3)OH), 3.76 (s, 3H, 
OCH3), 2.14-2.07 (m, 12H, COCH3), 1.59 (d, 6nH, CHCH3).  
2,3,4-Tri-O-acetyl-D-xylopyranoside-poly(L-lactide)  
Prepared according to general polymerisation protocol on the following scale:  2,3,4-
Tri-O-acetyl-D-xylopyranose 3.3 (0.0138 g, 0.05 mmol), L-lactide (1.80 g, 12.5 mmol), 
LZnEt (0.023 g, 0.055 mmol) and CH2Cl2 (12.5 mL) and yielded 2,3,4-tri-O-acetyl-D-
xylopyranoside-poly(L-lactide) (1.63g, 91%). 
1H NMR (500 MHz, CDCl3, δ ppm): 6.30 and 5.76 (d, 1H, H-1 α and β anomers), 5.18 
(q, 3JH-H = 7.10 Hz, 2nH, COCH(CH3)O), 4.80-5.60 (m, 3H, H-2, H-3, H-4), 4.38 (m, 
1H, CH(CH3)OH), 3.50-4.20 (m, 2H, H-5, H-5’), 2.11-2.07 (m, 9H, COCH3), 1.59 (d, 
6nH, CHCH3). 
2,3,4-Tri-O-benzyl-D-xylopyranoside-poly(L-lactide)  
Prepared according to general polymerisation protocol on the following scale:  2,3,4-tri-
O-benzyl-D-xylopyranose 3.4 (0.021 g, 0.05 mmol), L-lactide (1.80 g, 12.5 mmol), 
LZnEt (0.025 g, 0.06 mmol) and CH2Cl2 (12.5 mL) and yielded 2,3,4-tri-O-benzyl-D-
xylopyranoside-poly(L-lactide) (1.65 g, 92%). 
1H NMR (500 MHz, CDCl3, δ ppm): 7.34-7.31 (m, 15H, Ar-H), 6.2 and 5.6 (d, 1H, H-1 
α and β anomers), 5.18 (q, 3JH-H = 7.10 Hz, 2nH, COCH(CH3)O), 4.90-4.60 (m, 6H, 
OCH2Ar), 4.38 (m, 1H, CH(CH3)OH), 3.70-3.60 (m, 4H, H-2, H-3, H-5), 2.70 (m, 1H, 
H-4), 1.59 (d, 6nH, CHCH3).  
3,4-O-Isopropylidene-2-deoxy-D-ribopyranoside-poly(L-lactide) 
Prepared according to general polymerisation protocol on the following scale: 2-deoxy-
3,4-O-isopropylidene-D-ribose 3.5 (0.021 g, 0.012 mmol), L-lactide (0.432 g, 3 mmol), 
LZnEt (0.0055 g, 0.0132 mmol) and CH2Cl2 (3 mL) and yielded 3,4-O-isopropylidene-
2-deoxy-D-ribopyranoside-poly(L-lactide) (0.40 g, 93% ). 
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1H NMR (500 MHz, CDCl3, δ ppm): 6.22 and 6.00 (dd, 1H, H-1 α and β anomers), 5.18 
(q, 3JH-H = 7.10 Hz, 2nH, COCH(CH3)O), 4.50-4.20 (m, 3H, CH(CH3)OH, H-3, H-4), 
3.84 (d, 3JH-H  = 7.07 Hz, 2H, H-5), 2.47-2.22 (m, 1H, H-2), 1.88 (m, 1H, H-2’), 1.59 (d, 
6nH, CHCH3) 1.35 (m, 6H, C(CH3)2). 
6.3.7 Assessment of Biological Activity 
6.3.7.1 Cell Culture, Seeding and Treatment 
SaOS-2 cells were expanded in McCoy’s 5A Media with 10% v/v fetal bovine serum 
(FBS) and 1% v/v penicillin/streptomycin (antibiotic/antimycotic). This media was used 
throughout all experiments of this study. The culture was carried out in 75 cm2 flasks at 
37 °C in a humidified atmosphere of 95% air with 5% CO2, and the medium was 
refreshed every 2/3 days. The cells were detached using trypsin-
ethylenediaminetetraacetic acid (EDTA) at 90% confluence, and cell count was 
determined by a haemocytometer. Cell were diluted to an appreciate concentration for 
seeding onto the samples (500 cells/mm2).  
6.3.7.2 Phalloidin Staining 
The samples were removed from the 24 well plates, and rinsed by 1% w/v Bovine 
Serum Albumin (BSA) in Phosphate Buffered Solution (PBS, 24 mM Na2HPO4 and 16 
mM KH2PO4 in 0.9% NaCl, pH = 7.4) (the solution will be called 1% BSA/PBS in the 
following sections).  The samples were fixed with 4% (w/v) paraformaldehyde and 2% 
(w/v) sucrose solution in PBS for 5 minutes at room temperature followed by rinsing 
the samples in 1% w/v BSA/PBS. The cells were permeabilized by immersing in a 
buffered Triton x-100 solution (1mL Triton x-100, 0.028 g NaCl, 0.003 g MgCl2, 1.099 
g sucrose in 20 mL PBS) for 5 minutes at 0 °C. Then the samples were rinsed 2-3 times 
using 1% w/v BSA/PBS and stained with phalloidin solution (10 µg/mL in 1% w/v 
BSA/PBS) for 20 minutes. After being rinsed in 1% (w/v) BSA/PBS, the samples were 
mounted in vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI) 
and viewed using fluorescence microscope.  
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6.3.7.3 Sample Preparation for Scanning Electron Microscopy  
The samples which were placed in the 24 well culturing plates were rinsed with 
phosphate buffer ([Na2HPO4] = 0.072 M, [NaH2PO4] = 0.028 M, pH = 7.2), then fixed 
with glutaraldehyde solution in phosphate buffer (2.5% w/v) for 10 minutes at room 
temperature. The samples were rinsed with phosphate buffer after removing the 
glutaraldehyde solution. The dehydration step was immersing samples in 50% ethanol 
(ethanol:water, 1:1, v/v) for 5 minutes at 4 °C, then remove the solution and replace 
with fresh 50% ethanol and dehydrate the samples for 5 minutes at 4 °C again. 
Repeating the former step using other ethanol solutions with increasing concentration 
(75%, 80%, 90%, 100%). Then remove the ethanol and moving the samples from the 
culturing plates to a glass beaker. Hexamethyldisilazane (HMDS) were added into the 
glass beaker to immerse the samples and the beaker was covered to prevent the 
evaporation.  After 30 minutes, the beaker was uncovered and the samples were dried 
by evaporation. Then the samples were mounted on an SEM stub using carbon pad and 
coated by gold.  
6.3.7.4 Alamar Blue Measurement 
The media was removed from the plates and the samples were washed with PBS. Then 
a certain amount (200 µL) of the alamar blue dilution (1:9, alamar blue dye:hank’s 
balanced salt solution, v/v) was added into the samples, which was incubated for 1 hour 
in a humidified atmosphere (5% CO2, 95% air) at 37 °C. Then the dye (100 µL) was 
removed to a 96 well plate and the fluorescence was measured at an excitation 
wavelength of 530 nm and an emission wavelength of 460 nm in a fluorescence 
microplate reader.  
6.3.7.5 Total DNA Content Measurement 
The media was removed from the plates and the cells were lysed by freeze-thaw cycles 
(freeze for 20 minutes at -80 °C, thaw for 15 minutes, repeat three times to lyse the cell 
membranes) after adding double distilled water (200 µL). The cell lysate could be used 
both for total DNA measurement and alkaline phosphatase measurement. 
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The cell lysate (50 µL) was placed into a 96 well plate as well as an equal volume of 
bis-benzamide 33342 (Hoechst stain, 20 µg/mL) in Tris/NaCl/EDTA (TNE) buffer (10 
mM tris(hydroxymethyl)methylamine, 1 mM EDTA, 2 M NaCl, pH 7.4). A standard 
curved was constructed using the calf thymus DNA. The initial concentration of 
standard was 100 µg/mL and then performing series dilution to 50, 25, 12.5, 6.25, 3.125, 
1.5625 and 0 µg/mL using distilled water. The fluorescence was measured in a 
fluorescence plate reader at an excitation wavelength of 360 nm and an emission 
wavelength of 460 nm.  
6.3.7.6 Alkaline Phosphatase Measurement 
The cell lysate (50 µL) was placed into a 96 well plate as well as an equal volume of  p-
nitrophenol phosphate in glycine buffer (1 tablet in 5 mL glycine buffer; glycine buffer: 
glycine 0.1 M, MgCl2 1mM, ZnCl2 1 nM, pH 10.4 adjusted by NaOH). The color 
change was measured after a known period by the plate reader at 405 nm and 620 nm as 
the reference. 
6.3.8 Polymerisations of 2.3 
6.3.8.1 Homopolymerisation of 2.3 
General procedure, using Sn(II)(OBu)2 as the initiator 
In an oven dried ampule, monomer 2.3 (0.138 g, 0.6 mmol, 1 eq) was dissolved in 
toluene (0.45 mL), at 80 °C.  To it was added a volume of the stock solution of 
Sn(OBu)2 (0.15 mL of a 0.04 M solution in toluene, 0.01 eq).  The polymerisation was 
monitored by taking aliquots at regular time intervals, quenching them by addition of 
wet hexane (to destroy the tin alkoxide propagating species) and drying the resulting 
mixture in vacuo.   The percentage conversion was determined using 1H NMR 
spectroscopy: by integration of the H-2 signals, at 5.45 ppm for 2.3 and 5.00 ppm for 
P2.3, and the H-5 signals, at 4.65 ppm for 2.3 and 5.14 ppm for P2.3.  Once the 
polymerisation reached equilibrium, P2.3 was purified by repeated precipitation in 
diethyl ether (3 x 30 mL) and dried in vacuo (0.06 g, 44 %).     
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1H NMR (400 MHz, CDCl3) δ: 5.14 (1H, bs, H-5), 5.00 (1H, H-2), 4.28-4.05 (2H, H-6), 
2.15 (3H, s, COCH3), 2.09 (3H, s, COCH3), 1.89 (2H, H-3), 1.72 (2H, H-4) ppm. 
13C{1H} NMR (125 MHz, CDCl3) δ 171.2-169.4 (C=O), 71.9-71.4 (C-2), 70.2-70.1 (C-
5), 65.6-64.4 (C-6), 26.6-26.2 (C-3, C-4), 20.9-20.5 (2 × COCH3) ppm. 
General procedure, using LZnOEt as the initiator 
The entire procedure was carried out in a nitrogen filled glovebox. In an oven dried vial, 
monomer 2.3 (0.138 g, 0.6 mmol, 1 eq) was dissolved in DCM (0.45 mL), at room 
temperature.  To it was added a volume of the stock solution of LZnOEt (0.15 mL of a 
0.04 M solution in DCM, 0.01 eq).  The polymerisation was monitored by taking 
aliquots at regular time intervals, quenching them by addition of wet hexane (to destroy 
the zinc alkoxide propagating species) and drying the resulting mixture in vacuo. The 
purification steps were exactly the same as for the polymerisation using Sn(OBu)2 as the 
initiator.  
6.3.8.2 Copolymerisation of 2.3 with L-Lactide 
General procedure using Sn(OBu)2 as the initiator 
Compound 2.3 (0.115 g, 0.5 mmol) and L-lactide (0.216 g, 1.5 mmol) were added into 
an oven drid ampule fitted with a stirrer. A stock solution of Sn(OBu)2 (0.5 mL, 0.04 M 
in toluene, 0.02 mmol) was added, followed by dried toluene (1.5 mL). The ampule was 
sealed and heated to 80 °C, with stirring. The converion of 2.3 to polymer reached 80%, 
and the conversion of L-lactide was greater than 98% (as judged by 1H NMR 
spectrscopy). The polymerisation was quenched by addition of wet CHCl3 (2 mL) and 
the polymer precipitated in diethyl ether (40 mL). The polymer was purified by the 
repeated dissolution and precipitation  into diethyl ether (3 x 40 mL) and dried under 
vacuum to yield a white solid (0.21 g, 63.4%). 1H NMR (400 MHz), δ: 5.0-5.3 (216 H, 
m, OCH(CH3)CO, H-2, H-5); 4.0-4.4 (45 H, m, H-6, H-6’); 2.12-2.22 (62 H, d, 
COCH3); 2.04-2.12 (68 H, d, COCH3); 1.60-2.05 (101 H, m, H-3, H-3’, H-4, H-4’); 
1.45-1.60 (590 H, d, CHCH3), 0.91-0.97 (6 H, t, CH3(CH2)3) ppm. GPC (CHCl3, 1 
mL/min) Mn = 10740, PDI = 1.38. 
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General procedure using LZnOEt as the initiator 
Compound 2.3 (0.115 g, 0.5 mmol) and L-lactide (0.216 g, 1.5 mmol) were added into 
an oven drid vial equipped with a stirrer. A stock solution of LZnOEt (0.5 mL, 0.04 M 
in THF, 0.02 mmol) was added, followed by dried THF (1.5 mL). The solution was 
stirred, under N2, and  quenched after 15 minutes by taking the solution out of the 
glovebox and by being poured into excess diethyl  ether. The purification steps were the 
same as the experiments using Sn(OBu)2 as the initiator. 
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Appendix I 
X-ray Crystallography of 2.3 
(the data was collected and analyzed by Dr Andrew J.P. White) 
 
 
 
Figure 1 Representation of one of the enantiomers present in the X-ray crystal structure of 2.3 
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Table 1. Crystal data and structure refinement for CW0704. 
 
Identification code CW0704 
Empirical formula C10 H14 O6 
Formula weight 230.21 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 7.19184(19) Å α = 90° 
 b = 14.5149(4) Å β = 
104.824(3)° 
 c = 11.0204(3) Å γ = 90° 
Volume, Z 1112.11(7) Å3, 4 
Density (calculated) 1.375 Mg/m3 
Absorption coefficient 0.115 mm-1 
F(000) 488 
Crystal colour / morphology Colourless plates 
Crystal size 0.33 x 0.28 x 0.07 mm3 
θ range for data collection 3.83 to 32.36° 
Index ranges -10<=h<=10, -20<=k<=21, -16<=l<=16 
Reflns collected / unique 16882 / 3718 [R(int) = 0.0330] 
Reflns observed [F>4σ(F)] 2332 
Absorption correction Analytical 
Max. and min. transmission 0.992 and 0.969 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3718 / 0 / 147 
Goodness-of-fit on F2 1.044 
Final R indices [F>4σ(F)] R1 = 0.0422, wR2 = 0.1209 
R indices (all data) R1 = 0.0659, wR2 = 0.1316 
Largest diff. peak, hole 0.313, -0.217 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Table 2. Bond lengths [Å] and angles [°] for CW0704. 
 
C(1)-O(1) 1.1979(13) 
C(1)-O(2) 1.3424(13) 
C(1)-C(2) 1.5097(15) 
C(2)-O(5) 1.4322(13) 
C(2)-C(3) 1.5243(14) 
C(3)-C(4) 1.5441(16) 
C(4)-C(5) 1.5186(15) 
C(5)-O(2) 1.4630(13) 
C(5)-C(6) 1.5013(16) 
C(6)-O(3) 1.4527(13) 
C(7)-O(4) 1.2045(14) 
C(7)-O(3) 1.3338(14) 
C(7)-C(8) 1.4852(17) 
C(9)-O(6) 1.2040(14) 
C(9)-O(5) 1.3653(13) 
C(9)-C(10) 1.4762(17) 
 
O(1)-C(1)-O(2) 120.16(10) 
O(1)-C(1)-C(2) 125.81(10) 
O(2)-C(1)-C(2) 114.03(9) 
O(5)-C(2)-C(1) 109.08(9) 
O(5)-C(2)-C(3) 109.90(8) 
C(1)-C(2)-C(3) 109.48(8) 
C(2)-C(3)-C(4) 109.62(9) 
C(5)-C(4)-C(3) 111.28(9) 
O(2)-C(5)-C(6) 105.20(9) 
O(2)-C(5)-C(4) 108.97(9) 
C(6)-C(5)-C(4) 113.83(9) 
O(3)-C(6)-C(5) 106.10(9) 
O(4)-C(7)-O(3) 123.25(11) 
O(4)-C(7)-C(8) 125.17(12) 
O(3)-C(7)-C(8) 111.58(11) 
O(6)-C(9)-O(5) 122.14(11) 
O(6)-C(9)-C(10) 125.96(10) 
O(5)-C(9)-C(10) 111.90(9) 
C(1)-O(2)-C(5) 116.37(8) 
C(7)-O(3)-C(6) 117.97(9) 
C(9)-O(5)-C(2) 114.52(8) 
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Appendix II 
MALDI-ToF Spectra of Aliquots 2-6 for Table 2.9 
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Figure 2 The MALDI-ToF spectrum of aliquot 2 (Table 2.9). 
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Figure 3 The MALDI-ToF spectrum of aliquot 3 (Table 2.9). 
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Figure 4 The MALDI-ToF spectrum of aliquot 4 (Table 2.9). 
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Figure 5 The MALDI-ToF spectrum of aliquot 5 (Table 2.9). 
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Figure 6 The MALDI-ToF spectrum of aliquot 6 (Table 2.9). 
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Appendix III 
NMR spectra of the compounds shown in Figure 4.12 
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Figure 7 1H NMR spectrum of 1,3,5-tri-O-benzyl-α-D-erythro-2-deoxy-pentofuranoside, 4.16α. 
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Figure 8  1H NMR spectrum of 1,3,5-tri-O-benzyl-β-D-erythro-2-deoxy-pentofuranoside 4.16β and 
1,3,4-tri-O-benzyl-α-D-erythro-2-deoxy-pentopyranoside 4.15α. 
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Figure 9  1H NMR spectrum of 1,3,4-tri-O-benzyl-β-D-erythro-2-deoxy-pentopyranoside, 4.15β. 
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Appendix IV 
X-ray Crystallography of 4.25 
(the data was collected and analyzed by Dr Andrew J.P. White) 
 
 
Figure 10  Representation of one of the enantiomers for the two diastereomers present in the X-ray 
crystal structure of 4.25. 
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Table 1. Crystal data and structure refinement for CW0716. 
 
Identification code CW0716 
Empirical formula C8 H12 O4 
Formula weight 172.18 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 9.4329(3) Å α = 90° 
 b = 7.5128(2) Å β = 96.332(3)° 
 c = 12.3213(4) Å γ = 90° 
Volume, Z 867.85(5) Å3, 4 
Density (calculated) 1.318 Mg/m3 
Absorption coefficient 0.106 mm-1 
F(000) 368 
Crystal colour / morphology Colourless blocks 
Crystal size 0.41 x 0.30 x 0.21 mm3 
θ range for data collection 3.96 to 32.15° 
Index ranges -13<=h<=13, -10<=k<=11, -18<=l<=17 
Reflns collected / unique 11980 / 2863 [R(int) = 0.0284] 
Reflns observed [F>4σ(F)] 2022 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.76210 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2863 / 20 / 119 
Goodness-of-fit on F2 1.094 
Final R indices [F>4σ(F)] R1 = 0.0420, wR2 = 0.1239 
R indices (all data) R1 = 0.0587, wR2 = 0.1332 
Largest diff. peak, hole 0.353, -0.166 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Table 2. Bond lengths [Å] and angles [°] for CW0716. 
 
O(1)-C(2) 1.3375(11) 
O(1)-C(6) 1.4706(12) 
O(1)-C(6') 1.537(9) 
C(2)-O(2) 1.2052(11) 
C(2)-C(3) 1.5141(13) 
C(3)-O(7) 1.4364(10) 
C(3)-C(4) 1.5195(13) 
C(4)-C(5) 1.5289(15) 
C(4)-C(5') 1.609(9) 
C(5)-C(6) 1.5099(17) 
C(6)-C(10) 1.5078(14) 
C(5')-C(6') 1.486(12) 
C(6')-C(10) 1.537(9) 
O(7)-C(8) 1.3463(11) 
C(8)-O(8) 1.2031(13) 
C(8)-C(9) 1.4910(14) 
 
C(2)-O(1)-C(6) 118.00(7) 
C(2)-O(1)-C(6') 119.9(3) 
C(6)-O(1)-C(6') 33.4(4) 
O(2)-C(2)-O(1) 120.12(9) 
O(2)-C(2)-C(3) 124.32(9) 
O(1)-C(2)-C(3) 115.56(7) 
O(7)-C(3)-C(2) 108.43(7) 
O(7)-C(3)-C(4) 107.89(7) 
C(2)-C(3)-C(4) 112.45(8) 
C(3)-C(4)-C(5) 111.43(8) 
C(3)-C(4)-C(5') 102.6(4) 
C(5)-C(4)-C(5') 21.6(4) 
C(6)-C(5)-C(4) 112.88(9) 
O(1)-C(6)-C(10) 105.59(8) 
O(1)-C(6)-C(5) 108.16(10) 
C(10)-C(6)-C(5) 112.65(9) 
C(6')-C(5')-C(4) 106.9(7) 
C(5')-C(6')-C(10) 110.4(8) 
C(5')-C(6')-O(1) 109.1(8) 
C(10)-C(6')-O(1) 101.0(6) 
C(8)-O(7)-C(3) 116.94(7) 
O(8)-C(8)-O(7) 123.31(9) 
O(8)-C(8)-C(9) 125.53(9) 
O(7)-C(8)-C(9) 111.15(9) 
C(6)-C(10)-C(6') 33.0(4) 
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The preparation of a novel carbohydrate lactone is reported, in
excellent yield, from D-gluconolactone; ring-opening polymeriza-
tion of the lactone yields a functionalized cyclic aliphatic polyester.
Renewable resources, in particular biomass, are attractive
monomers due to problems with petrochemicals’ supply, cost,
environmental impact and sustainability.1 Further, bioderived
materials can often be biocompatible, bioresorbable and even
biodegradable.2 One such bioderived material is polylactide,
produced from lactic acid, harvested from corn or sugar beet,
and used to manufacture food and beverage packaging, as well as
specialized medical articles.2,3 However, polylactide lacks chemi-
cal functional groups, resulting in it being hydrophobic and slow
to degrade, which limits its applications and complicates its
disposal.2,3 Alternative, functionalized aliphatic polyesters are
currently not widely available. The ring-opening polymerization
(ROP) of functionalized lactones is appealing because it can be
well controlled.4,5 Previous research has addressed the prepara-
tion and polymerization of functionalized lactones, but many of
the current syntheses are hampered by complex, multi-step
monomer syntheses.4–6 Furthermore, there are limited examples
of the ring-opening polymerization of functionalized lactones
derived from renewable resources.7–16 Carbohydrate 1,5-lactones
would be attractive monomers for ring-opening polymerization,
but there are very few reports of their polymerization. In 1927,
Drew and Haworth observed that tri-O-methyl-D-arabino-
1,5-lactone reacted with acid to form a ‘polymeride’.17 Decades
later, a patent claimed the polymerization of D-gluconolactone
(1), although the product characterization was limited.18
We found tetra-O-acetyl-D-gluconolactone was only trimerized,
but copolyesters could be prepared.15 We also investigated
the ROP of tetra-O-acetyl-D-manno/galactonolactones, tetra-
O-methyl/benzyl-D-gluconolactone and tri-O-methyl/acetyl/
benzyl-D-xylono/L-arabonolactones but only observed dimers
or trimers.
The novel carbohydrate lactone 3 was prepared in two, high
yield steps from commercially available D-gluconolactone, 1
(Scheme 1). D-Gluconolactone is converted to 2 in quantitative
yield by reaction with acetic anhydride and base.19,20 Compound 2
was reduced in 95% yield to 3, by hydrogenolysis, at 5 MPa and
with a Pd/C (5%) catalyst. The hydrogenolysis was diastereo-
selective, yielding only the syn enantiomers. Compound 3 was
isolated as a racemic mixture, established by a lack of speciﬁc
rotation and by X-ray crystallography. The X-ray crystal structure
(Fig. 1 and S1, ESIw) of 3 shows the carbohydrate ring in a boat
conformation. Furthermore, the conformation is maintained in
solution, as conﬁrmed by the 3JHH values and the strong correla-
tion in the NOESY NMR spectrum between H-2 and H-5
(Fig. S2–S7, ESIw). The ring-opening polymerization was achieved
using catalytic quantities of Sn(OBu)2,
21 (Scheme 1) and yielded
polyesters, 4, with Mn ranging from 1800–7300 (Table 1).
The polymers were amorphous elastomers, the DSC shows no
melting temperature and a glass transition temperature of 18 1C
(Mn = 2900, PDI = 1.26, Fig. S8, ESIw). However, the polymers
are thermally stable, TGA shows that degradation begins at 250 1C
(Fig. S9, ESIw). The new polymers are also signiﬁcantly more
hydrophilic than polylactide. Addition of water causes swelling
and the materials have a water contact angle of approximately 331.
The 1H NMR spectrum of 4 showed shifted and broadened
resonances compared to 3 (Fig. S10, ESIw). The 13C{1H} NMR
Scheme 1 Synthesis of 3 and its ring-opening polymerization to 4.
Reagents and conditions: (a) Ac2O, pyridine, 80 1C, 1 h, 95%. (b) H2
(50 bar), Pd/C, EtOAc, 75 1C, 4 h, 95%. (c) Sn(OBu)2, toluene
(1 M solution of 3), 80 1C.
Fig. 1 The molecular structure of 3.
aDepartment of Chemistry, Imperial College London, London,
UK SW7 2AZ. E-mail: c.k.williams@imperial.ac.uk
bDepartment of Materials and Institute for Biomedical Engineering,
Imperial College London, London, UK SW7 2AZ
w Electronic Supplementary Information (ESI) available: the experi-
mental protocols for 1–4, Fig. S1–S16: structure LZnOEt, NMR and
MALDI-TOF mass spectra, a SEC trace, a plot showing %
conversion vs. time for the diﬀerent initiator loadings, a plot of DP
vs. Mn, DSC, TGA and the X-ray data for 3. CCDC 680953. For
ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/b817658b
This journal is c The Royal Society of Chemistry 2009 Chem. Commun., 2009, 941–943 | 941
COMMUNICATION www.rsc.org/chemcomm | ChemComm
(Fig. S11, ESIw) shows multiple, overlapping signals for C-1
indicating an atactic polymer is formed. However, surprisingly
the isolated polymers 4 do not show any end-group resonances in
the NMR spectra. MALDI-TOF mass spectra helped rationalize
this observation: the major product observed is always a cyclic
polymer (Fig. 2 and S12, ESIw). The synthesis of cyclic polymers
is an area of signiﬁcant interest,22–25 recently there have been a
number of selective preparations of cyclic polyesters.26–29 In
order to better understand the product distributions, the poly-
mer products were examined by MALDI-TOF spectrometry
throughout the polymerization reaction (Fig. S12, ESIw). At all
conversions, the cyclic product was the major species present. At
lower conversions, linear polymers were observed but always in
low intensity and at higher conversions this series of peaks
disappeared. At higher conversions, cyclic polymers that had lost
an acetate group (i.e. where transesteriﬁcation of the acetate
group had occurred) were also observed. If the polymerization
reaction was left at equilibrium for a signiﬁcant period, the
proportion of acetate transesteriﬁcation increased, but the expec-
ted cyclic product was always the major species observed. The
initiator structure had no inﬂuence over the product distributions,
with either zinc or tin initiators giving cyclic products as the major
species. Over the solubility range 0.5Mo [3]0o 1.5M, the cyclic
polymer was always the major product.
It is proposed that the cyclic polyester is always the major
species formed because the rate of propagation is close to the rate
of transesteriﬁcation of the backbone ester functionalities
(Scheme 2). This is rationalized by the relatively low ring strain
of 3, which gives rise to slow polymerization (Table 1) and
the activation of the backbone ester group by the electron-
withdrawing alpha acetate substituent, which increases the rate
of transesteriﬁcation. Therefore as the ring-opening polymeriza-
tion propagates, the transesteriﬁcation (inter- and intra-) side
reactions are occurring at competitive rates. The intermolecular
transesteriﬁcation only inﬂuences the PDI of polymer 4
(1.37–1.50), whereas the intramolecular transesteriﬁcation leads
to formation of cyclic polymer (Scheme 2). The transesteriﬁcation
of the acetate functionality occurs more slowly as it is unactivated;
other researchers have established the recalcitrance of acetate to
transesteriﬁcation.30 Therefore, transesteriﬁcation of one of the
acetate groups is only observed at long reaction times.
Table 1 The polymerization of 3 using the Sn(OBu)2 initiator
3 : Initiatora Time/h
Equilibrium
conversionb
(%), (DP) Mn
c (PDI) Mn (calc.)
d
31 : 1 140 78, (12) 1850 (1.47) 2760
48 : 1 246 78, (18) 2200 (1.37) 4140
61 : 1 330 78, (24) 2600 (1.43) 5520
91 : 1 600 78, (35) 3000 (1.37) 8050
122 : 1 680 78, (48) 4300 (1.41) 11 040
50 : 1e 0.3 84, (42) 5800 (1.50) 9660
100 : 1e 1 84, (84) 7300 (1.50) 19 320
a Polymerization conditions: Sn(OBu)2, toluene, 80 1C, [3]0 = 1 M.
b Conversion determined from 1H NMR spectrum by normalized
integration of the signals due to H-2 and H-5 for 3 and 4. c Determined
by SEC in CHCl3 vs. polystyrene standards.
d Calculated from
the degree of polymerization derived from 1H NMR: Mn (calc.) =
[(230  DP]. e LZnOEt, toluene, 25 1C, [3]0 = 0.5 M.
Fig. 2 Plot showing the MALDI-TOF spectrum of 4, obtained for 1 : 91 loading of initiator : 3. Open circles represent the cyclic polymer, open
rectangles the cyclic polymer less an acetate group and open triangles the linear chains end-capped with butanoate ester and acetate groups.
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The SEC measurements (Fig. S13, ESIw, Table 1) conﬁrm
the polymer formation but give Mn lower than expected in
accordance with the formation of cyclic polymer. The poly-
merizations are equilibrium reactions (Fig. S14, ESIw) as has
been found for other lactone ROPs (80 1C, 78% conversion).
Thus, by varying the loading of the initiator it is possible to
control the degree of polymerization (DP) (Fig. S15, ESIw).
The polymerizations were quite slow, taking days/weeks to
reach equilibrium depending on the loading; the same initiator
polymerizes lactide in hours under similar conditions.31 However,
using a well deﬁned zinc initiator (structure illustrated Fig. S16,
ESIw),32 which had previously shown remarkable activity for
lactide ROP, it was possible to polymerize 3 in less than one hour
(Table 1). Thermodynamically, it is remarkable that 3 polymerizes
at all, as ring-opening polymerization is usually disfavored for
valerolactone derivatives with more than one substituent;33 all
previous attempts using carbohydrate 1,5-lactones resulted only in
trimerization.15 We propose that monomer 3 can be polymerized
because of its limited degree of substitution, the boat conforma-
tion and its ability to undergo intramolecular transesteriﬁcation
reactions to form highly stable cyclic polymers.
In conclusion, we report the synthesis and ring-opening
polymerization of a novel carbohydrate lactone. The lactone
is polymerized with a tin or zinc initiator to produce a
functionalized cyclic polyester.
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ABSTRACT: The polymerization of [S]-lactide was accomplished using an initiating
system comprising an alkyl zinc complex and a series of well deﬁned carbohydrate
co-initiators derived from D-glucose, D-xylose, and 2-deoxy-D-ribose. The monosaccha-
ride co-initiators were aldonate esters and pyranoses, they were all prepared in high
yield and had only a single alcohol co-initiating group; the remaining carbohydrate
hydroxyl functionalities were protected as acetyl, benzyl ether and isopropylidene
acetal groups. The polymerizations were all well controlled, illustrated by the linear
increase in poly(S-lactide) Mn with percentage conversion of lactide, the increase in
poly(S-lactide) Mn with [lactide]0-[lactide]t/[co-initiator] and the narrow polydispersity
indices of the polylactides. Thus, the novel initiating systems were used to produce
poly(S-lactides) end functionalized with a variety of different aldonate ester and pyra-
nose groups and with degrees of polymerization from 10 to 250. The polyesters were
fully characterized, including by NMR spectroscopy, size exclusion chromatography
(SEC), matrix-assisted laser deposorption/ionization (MALDI) mass spectrometry and
by static water contact angle measurements. VC 2008 Wiley Periodicals, Inc. J Polym Sci
Part A: Polym Chem 46: 4352–4362, 2008
Keywords: biomaterials; initiators; kinetics (polym.); polyesters; ring opening poly-
merization
INTRODUCTION
Aliphatic polyesters have been attracting consid-
erable attention as sustainable alternatives to
commodity plastics such as polypropylene. The
most widespread and commercially viable of
which is polylactide (PLA), produced by the ring
opening polymerization of lactide, which itself
derives from biomass. It is used in disposable
consumer articles as well as in ﬁber applica-
tions, a key advantage being its hydrolysis to
lactic acid, a metabolite in the carboxylic acid
cycle.1–3 PLA is biocompatible and an FDA-
approved polymer for use in therapy. It has been
used for some time in biomedical applications
such as sutures, stents, dental implants, vascu-
lar grafts, bone screws, and pins. It has also
been investigated as a vector for drug delivery,
for example in the long-term delivery of antimi-
crobial drugs, contraceptives and prostate can-
cer treatments.4 PLA has been widely used in
the ﬁeld of tissue engineering as a scaffold
material to support cell and tissue growth.5–7
This article contains Supplementary Material available
via the Internet at http://www.interscience.wiley.com/jpages/
0887-624X/suppmat.
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However, it is unsuitable for some applications
due to its high hydrophobicity which leads to a
slow degradation rate. It is therefore important
to develop strategies and syntheses of function-
alized PLA materials and in particular to de-
velop routes to functionalize it with biologically
relevant and compatible molecules.
Cell surface carbohydrates are involved in
numerous biological functions, including cellular
recognition, adhesion, growth regulation, inﬂam-
mation, and cancer cell metastasis. However,
the natural glycopolymers displaying these cell
surface carbohydrates are heterogeneous and
their structures are ill-deﬁned. Synthetic carbo-
hydrate based polymers are emerging as useful
tools for investigating carbohydrate based inter-
action processes as well as interesting materials
for biomedical applications.8 However, their bio-
medical applications require the design and efﬁ-
cient synthesis of materials incorporating well
deﬁned carbohydrate moieties and degradable,
biocompatible backbones. A solution to this chal-
lenge is the synthesis of biodegradable polyest-
ers incorporating carbohydrate groups. Our so-
lution was to use a carbohydrate hydroxyl group
to co-initiate the controlled polymerization of
S-lactide, thereby introducing functionalized
carbohydrate end groups to the PLA.
D-glucopyranosides and D-galactopyranosides
protected with alkyl ether, benzyl ether, or iso-
propylidene acetal groups have precedent as co-
initiators for cyclic ester ring opening polymer-
ization in combination with either lipases, metal
complexes or Bronsted acids.9–16 Also, Krichel-
dorf and Stricker used stannylenated glycopyra-
nosides as cyclic initiators for e-caprolactone
polymerization and the synthesis of biodegrad-
able network polymers.17 However, the previous
studies were limited to hexose co-initiators and
few were controlled polymerizations. Further-
more, the materials produced had Mn limited to
20,000, which means the polymer will be re-
stricted to nonload bearing applications.
Here, we report the application of a series of
carbohydrates as co-initiators for the controlled
polymerization of lactide producing PLA end-
capped with highly functionalized groups. This
is a sustainable route to polymers synthesized
from renewable resources as well as yielding
novel materials for applications in tissue engi-
neering. Different types of carbohydrate co-ini-
tiators were investigated including aldonate
esters and pyranoses. The co-initiation using
monosaccharides was known as some hexoses
had been investigated previously,9–17 however
pentoses, for example, D-xylopyranose and 2-
deoxy-D-ribopyranose, and aldonate esters were
not previously researched. The use of different
co-initiators yielded PLA end capped with a
range of carbohydrates and illustrated the inﬂu-
ence of the initiator structure on the polymeriza-
tion rate. All the monosaccharide co-initiators
were well deﬁned compounds which were synthe-
sized in high yield from natural carbohydrates.
They each had one free hydroxyl group to initiate
the lactide polymerization and the remaining
hydroxyl groups were protected by acetyl, O-
benzyl ether and isopropyl acetal groups.
EXPERIMENTAL
Materials
[S]-Lactide was donated by Purac Plc, it was
puriﬁed by recrystallization from hot toluene fol-
lowed by repeated sublimations in vacuo (three
times). The co-initiators: methyl-2,3,4,6-tetra-O-
acetyl-D-gluconate 1,18 2,3,4-tri-O-acetyl-D-xylo-
pyranose 3,19,20 2,3,4-tri-O-benzyl-D-xylopyra-
nose 4,21 and 3,4-isopropylidene acetal-2-deoxy-
D-ribopyranose 522 were prepared in excellent
analytical purity and good yield according to the
literature. Methyl-2,3,4-tri-O-benzyl-D-xylonate
2 was prepared from 2,3,4-tri-O-benzyl-1,5-lac-
tone, the lactone was itself prepared according
to the literature protocols.23–25 The zinc ethyl
complex (LZnEt, Fig. S1) was prepared and
used according to the literature.26 Methylene
chloride was dried by distillation from calcium
hydride. All other reagents and chemicals were
purchased from Aldrich Chemical and used as
received. All manipulations were carried out
under a dry nitrogen atmosphere.
Measurements
NMR spectra collected at 400 MHz were per-
formed on a Bruker AV400 instrument. NMR
spectra collected at 500 MHz, as well as 13C{1H}
NMR spectra, were carried out on a Bruker
AV500 instrument. CDCl3 was used as the NMR
solvent and reference compound. The SEC mea-
surements were performed on a Polymer labs
SEC 60 instrument with two Polymer labs
mixed D columns and CHCl3 at a ﬂow rate of
1 mL min1 as the eluent. Narrow molecular
weight polystyrene standards were used to cali-
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brate the instrument and a correction factor of
0.58 was applied to the Mn obtained as outlined
in the literature.27 The MALDI-TOF mass spec-
trometry was performed with a Micromass
MALDI micro MX mass spectrometer equipped
with a UV (337 nm) laser. All mass spectra were
recorded in linear mode. Forty spectra were col-
lected from random positions on the target, each
spectrum averaged from 10 laser shots. About
1.2 lL of a mixture of the matrix (dithranol,
30 mg/mL in THF), cationizing agent (NaCO2CF3,
10 mg/mL in THF), and the sample ( 10 mg/
mL in CH2Cl2) in the ratio 3:1:1 respectively,
was applied to the target and air-dried immedi-
ately before use. Polymer ﬁlms were coated on
clean glass slides (13 mm diameter, VWR Inter-
national, PA) using a dip coater (KSV Instru-
ment, Finland). The slides were completely
dipped into a 5 mg/mL solution of polymer in
chloroform at a velocity of 85 mm/min and with-
drawn at 5 mm/min to allow the formation of a
thin polymer ﬁlm on the glass slide. Film rough-
ness was measured using a microscope-based in-
terferometer (New View 200, Zygo, CT). The
measurements were performed on three differ-
ent areas of each slide and repeated on two
slides for each kind of polymer ﬁlm. The rough-
ness for each ﬁlm is expressed as the average root
mean square (RMS). Static water contact angles
were measured using a Drop Shape Analysis Sys-
tem (EasyDrop, Kru¨ss, Germany). A 30 lL drop of
ultra-pure water (MilliQ water, Millipore, MA)
was placed on the ﬁlm surfaces and static water
contact angle was measured. The measurements
were performed on three different areas of each
slide, repeated on two slides for each kind of poly-
mer ﬁlm and the values averaged.
Methyl-2,3,4-tri-O-Benzyl-D-Xylonate (2,3,4-Tris-
benzyloxy-5-hydroxy-pentanoic acid methyl ester)
Para-toluene sulfonic acid (p-TSA) (7.6 mg) was
dissolved in MeOH (10 mL) to make a stock
solution. The 2,3,4-tri-O-benzyl-1,5-lactone (42 mg,
0.1 mmol) was added to a dry ﬂask, followed by
p-TSA solution in methanol (1 mL). As the lac-
tone has poor solubility in MeOH, CH2Cl2 was
added dropwise (ca. 1.5 mL) to dissolve it. The
solution was stirred for 20 h at room tempera-
ture. TLC (toluene/ethyl acetate ¼ 2:1) analysis
revealed the presence of a new compound in the
reaction mixture (Rf ¼ 0.47). The Rf for the
starting material was 0.66. The product was
pre-absorbed on silica and puriﬁed by column
chromatography (silica gel, toluene/ethyl acetate
¼ 2:1) and isolated as a white powder (30 mg,
0.06 mmol, 60%).
Yield: 60%. Purity (HPLC) > 99%. Rf ¼ 0.47
(SiO2, toluene/ethyl acetate ¼ 2:1). MPt. 111–
1128C. Anal. Calc. for C27H30O6, C, 71.98, H,
6.71%. Found, C, 71.87, H, 6.82%. 1H NMR (500
MHz, CDCl3, d ppm): 7.36–7.20 (m, 15H, ArH),
4.84 (d, 3JHH ¼ 11.56 Hz, 1H, OCH2Ar),
4.46 (d, 3JHH ¼ 11.57 Hz, 1H, OCH2Ar),
4.74 (d, 3JHH ¼ 11.62 Hz, 1H, OCH2Ar),
4.58 (d, 3JHH ¼ 11.45 Hz, 1H, OCH2Ar),
4.66 (d, 3JHH ¼ 10.48 Hz, 2H, OCH2Ar),
4.24. (d, 3JHH ¼ 3.94 Hz, 1H, H-2), 4.08 (dd,
3JHH¼ 3.99 Hz, 2JHH ¼ 6.39 Hz, 1H, H-3), 3.79
(m, 1H, H-4), 3.73 (dd, 3JHH ¼ 4.03 Hz, 2JHH ¼
12.00 Hz,1H, H-5), 3.50 (dd, 3JHH¼ 4.75 Hz,
2JHH ¼ 11.93 Hz, 1H, H-5), 3.64 (s, 3H,
OCH3). 13C{1H} NMR (125 MHz, CDCl3, d
ppm): 171.07 (C-1), 138.02 (ArC), 137.85 (ArC),
136.81 (ArC), 128.58-127.89 (ArC), 79.29 (C-4),
79.10 (C-3), 78.09 (C-2), 74.53 (OCH2Ar),
73.06 (OCH2Ar), 61.37 (C-5), 51.97 (OCH3).
m/z (CI-ammonia gas): 468 [MþNH4þ].
General Lactide Polymerization
Protocol (Initiator 2)
Methyl-2,3,4-tri-O-benzyl-D-xylonate (0.036 g,
0.08 mmol) was dissolved in CH2Cl2 (3.30 mL)
to make a stock solution. [S]-lactide (0.432 g, 3
mmol) was added into an oven dried vial, fol-
lowed by the zinc complex, LZnEt, (0.0055 g,
0.013 mmol). Then CH2Cl2 (2.5 mL) and the
stock solution (0.5 mL) were added, so as to
make a solution of concentration 1 M in lactide.
The polymerization was conducted at 258C. Ali-
quots were withdrawn at regular intervals and
were quenched by addition into wet hexane. The
PLA was puriﬁed by dissolving it in CH2Cl2 and
precipitation into hexane. The puriﬁcation was
carried out three times and the PLA was dried
in vacuo for 4 h prior to analysis (0.39 g, 91%).
1H NMR (500 MHz, CDCl3, d ppm): 7.34–7.31
(m, 15H, ArH), 5.18 (q, 3JHH ¼ 7.10 Hz, 2nH,
COCH(CH3)O), 4.81–3.76 (m, 12H, OCH2Ar,
CH(CH3)OH, H-2, H-3, H-4, H-5, H-50), 3.61 (s,
3H, OCH3), 1.59 (d, 6nH, CHCH3).
Methyl-2, 3, 4, 6-Tetra-O-Acetyl-D-Gluconate-
Poly(S-Lactide)
Prepared according to general polymerization
protocol on the following scale: Methyl-2,3,4,6-
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tetra-O-acetyl-D-gluconate 1 (0.0138 g, 0.05 mmol),
[S]-lactide (1.8 g, 12.5 mmol), LZnEt, (0.023 g,
0.055 mmol) and CH2Cl2 (12.5 mL) and yielded
methyl-2, 3, 4, 6-tetra-O-acetyl-D-gluconate-poly(S-
lactide) (1.62 g, 91%).
1H NMR (400 MHz, CDCl3, d ppm): 5.50–5.10
(m, 4H, H-2, H-3, H-4, H-5), 5.21–5.16 (m, 2nH,
COCH(CH3)O), 4.40–4.20 (m, 3H, H-6, H-6
0,
CH(CH3)OH), 3.76 (s, 3H, OCH3), 2.14-2.07 (m,
12H, COCH3), 1.59 (d, 6nH, CHCH3).
2,3,4-Tri-O-Acetyl-D-Xylopyranose-Poly(S-Lactide)
Prepared according to general polymerization
protocol on the following scale: 2,3,4-Tri-O-ace-
tyl-D-xylose 3 (0.0138 g, 0.05 mmol), S-lactide
(1.80 g, 12.5 mmol), LZnEt (0.023 g, 0.055
mmol) and CH2Cl2 (12.5 mL) and yielded 2,3,4-
tri-O-acetyl-D-xylopyranose-poly(S-lactide) (1.63 g,
91%).
1H NMR (500 MHz, CDCl3, d ppm): 6.30 and
5.76 (d, 1H, H-1 a and b anomers), 5.18
(q,3JHH ¼ 7.10 Hz, 2nH, COCH(CH3)O), 4.80–
5.60 (m, 3H, H-2, H-3, H-4), 4.38 (m, 1H,
CH(CH3)OH), 3.50-4.20 (m, 2H, H-5, H-5
0), 2.11-
2.07 (m, 9H, COCH3), 1.59 (d, 6nH, CHCH3).
2,3,4-Tri-O-Benzyl-D-Xylopyranoside-
Poly(S-Lactide)
Prepared according to general polymerization
protocol on the following scale: 2, 3, 4-tri-O-ben-
zyl-D-xylose 4 (0.021 g, 0.05 mmol), S-lactide
(1.80 g, 12.5 mmol), LZnEt (0.025 g, 0.06 mmol)
and CH2Cl2 (12.5 mL) and yielded 2,3,4-tri-O-
benzyl-D-xylopyranoside-poly(S-lactide) (1.65 g,
92%).
1H NMR (500 MHz, CDCl3, d ppm): 7.34-7.31
(m, 15H, ArH), 6.2 and 5.6 (d, 1H, H-1 a
and b anomers), 5.18 (q,3JHH ¼ 7.10 Hz, 2nH,
COCH(CH3)O), 4.90–4.60 (m, 6H, OCH2Ar),
4.38 (m, 1H, CH(CH3)OH), 3.70–3.60 (m, 4H, H-
2, H-3, H-5), 2.70 (m, 1H, H-4), 1.59 (d, 6nH,
CHCH3).
3,4-O-Isopropylidene-2-Deoxy-D-
Ribopyranoside-Poly(S-Lactide)
Prepared according to general polymerization
protocol on the following scale: 2-deoxy-3, 4-O-
isopropylidene-D-ribose 5 (0.021 g, 0.012 mmol),
S-lactide (0.432 g, 3 mmol), LZnEt (0.0055 g,
0.0132 mmol) and CH2Cl2 (3 mL) and yielded
3,4-O-isopropylidene-2-deoxy-D-ribopyranoside-
poly(S-lactide) (0.40 g, 93%).
1H NMR (500 MHz, CDCl3, d ppm): 6.22 and
6.00 (dd, 1H, H-1 a and b anomers), 5.18
(q,3JHH ¼ 7.10 Hz, 2nH, COCH(CH3)O), 4.50–
4.20 (m, 3H, CH(CH3)OH, H-3, H-4), 3.84
(d,3JHH ¼ 7.07 Hz, 2H, H-5), 2.47–2.22 (m, 1H,
H-2), 1.88 (m, 1H, H-20), 1.59 (d, 6nH, CHCH3)
1.35 (m, 6H, C(CH3)2).
RESULTS AND DISCUSSION
The controlled lactide polymerization and end
group functionalization of the PLA was achieved
using an initiating system comprising an alkyl
zinc complex (LZnEt where L ¼ 2,4-di-tert-
butyl-6-{[(20-dimethylaminoethyl)methylamino]-
methyl}phenolate) and a range of carbohydrate
alcohol co-initiators. The alkyl zinc (Fig. S1)/
alcohol initiating system had previously shown
very high rates and excellent control in lactide
ring opening polymerization (ROP) using
‘‘simple’’ alcohols, for example, ethanol or benzyl
alcohol.26 The key to its success was the ancil-
lary ligand (L) coordinated to the zinc center
which prevented aggregation of the zinc alkox-
ide initiator. In this study, functionalized alcohol
co-initiators were used, either aldonate esters or
pyranoses derived from D-glucose, D-xylose and 2-
deoxy-D-ribose. The alkyl zinc complex and the
carbohydrate alcohol reacted in situ to form the
zinc alkoxide, which is the true initiator; the poly-
merization subsequently occurred via the coordi-
nation-insertion reaction mechanism (Scheme 1).
Support for these notions came from the end
group analysis which showed exclusive initiation
by carbohydrate alcohols; the Mn for each polymer
being in excellent agreement with that predicted
from alcohol loadings. Furthermore, a 1:1 reaction
between the zinc complex (LZnEt) and co-initiator
5 was monitored by 1H NMR. This showed a
decrease in the resonances assigned to the zinc
ethyl protons and a downﬁeld shifting and broad-
ening of the peaks assigned to 5, consistent with
the formation of a zinc alkoxide complex and the
elimination of ethane.
The coordination-insertion mechanism involved
the lactide being activated and ring opened by
the zinc alkoxide complex. The ring opening led
to formation of a novel ring opened metal alkox-
ide and enabled chain propagation to occur. The
alcohol co-initiator became an ester end group
on one end of the polymer chain. The advantage
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of the zinc/carbohydrate alcohol initiating sys-
tem was that it enabled controlled lactide poly-
merization and therefore very tight control over
the polymer properties, for example, Mn, PDI.
Aldonate Esters
The lactide polymerizations, using the zinc/
carbohydrate alcohol initiating system, were
investigated using the aldonate esters 1 and 2
(Scheme 2).
The aldonate esters 1 and 2 were prepared
from 2,3,4,6-tetra-O-acetyl-D-gluconolactone and
2,3,4-tri-O-benyl-D-xylonolactone respectively, by
reaction with acidiﬁed methanol and were iso-
lated in excellent yield (60% for 1, 86% for 2)
and analytical purity as white solids.18 They
were then used as co-initiators, with the alkyl
zinc complex, in the ROP of lactide at room tem-
perature in methylene chloride. To establish the
properties and degree of control exerted by the
carbohydrate alcohol co-initiators, detailed
investigations were carried out using 1. The
polymerizations were conducted using a range of
1: lactide loadings and enabled the preparation
of PLA of controlled Mn (Table 1).
The percentage conversions were determined
from the 1H NMR spectrum by integration of
the methine signals due to lactide (5.00 ppm)
Scheme 1. The coordination-insertion mechanism for the ring opening polymeriza-
tion of lactide using alkyl zinc (LZnEt)/carbohydrate initiating system. L ¼ 2,4-di-tert-
butyl-6-{[(20-dimethylaminoethyl)methylamino]methyl}phenolate, Fig. S1 illustrates the
structure of LZnEt.
Scheme 2. (S)-Lactide polymerization using co-initiators derived from D-glucono-
lactone (1) and D-xylonolactone (2). Reagents and conditions: (a) MeOH, TsOH, DCM,
20 h, 308C. (b) n [S]-LA, LZnEt (Fig. S1), CH2Cl2, 25 8C. n ¼ 25–250.
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and PLA (5.20 ppm). The initiating system
exerted good polymerization control and there-
fore by varying the loading of 1 it was possible
to produce PLA of predictable and controllable
Mn (Fig. 1). It was also notable that the Mn
obtained for the polyesters by SEC was in rea-
sonable agreement with the Mn calculated from
the reaction stoichiometry, for example using 1
at a concentration of 2 mM and at 90% conver-
sion, resulted in an expected Mn of 6840 and a
SEC value of 6000. The close agreement be-
tween calculated and experimental values of the
Mn conﬁrmed the controlled nature of the poly-
merization and this was reinforced by the rela-
tively narrow polydispersity indices. The poly-
merization control was further illustrated by the
linear increase in the Mn with the polymeriza-
tion percentage conversion (Fig. 2). It was also
notable that the initiator enabled the prepara-
tion of high Mn PLA, a limitation with previ-
ously used carbohydrate initiators.9–17
The polymerizations with 1 demonstrated the
high degree of control exerted by the initiating
system at room temperature. The same condi-
tions were therefore used with all the other car-
bohydrate co-initiators and the results for the
aldonate ester 2 derived from D-xylose (at 4 mM
concentration) are shown in Table 2. As for 1,
these show that excellent control is also exerted
using 2 as illustrated by the close agreement
between the calculated and experimental SEC
results and also the narrow PDI values.
The MALDI mass spectra were obtained for
all the novel initiators, these provided further
evidence for the control of Mn and also con-
ﬁrmed the end groups. In each case only two
Table 1. PLA Synthesized Using Co-initiator 1
Initiator LZnEt:1:Lactidea Time/Min % Conversionb Mn Calculated
c Mn SEC
d (PDI)
1 1:1:10 15 100 1800 1770 (1.15)
1 1:1:50 210 90 6840 6000 (1.12)
1 1:1:100 210 80 11,800 11,300 (1.15)
1 1:1:250 960 87 31,700 33,200 (1.13)
a Polymerization conditions: [LA]0 ¼ 1 M, CH2Cl2, 25 8C.
b Determined by 1H NMR by integration of the methine signals at 5.20 ppm for PLA and 5.00 ppm for lactide.
c Calculated from Mn ¼ (144 3 DP) þ 378.
d Determined by SEC using CHCl3 and versus narrow Mn polystyrene standards, a correction factor of 0.58 was applied
according to the literature.27
Figure 1. Plot showing the evolution of PLA Mn
against [LA]0  [LA]t/[1]0. The Mn was determined by
SEC in CHCl3 versus polystyrene standards and a
correction factor of 0.58 was applied according to the
literature.27
Figure 2. Plot showing the PLA Mn versus the lac-
tide percentage conversion using 1. The ratios refer to
the concentrations of 1:LA. The Mn was determined
by SEC in CHCl3 versus polystyrene standards and a
correction factor of 0.58 was applied according to the
literature.27 The % conversion was determined by
integration of the methine region of the 1H NMR.
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major series of peaks were observed: one due to
the sodium cationized and the other due to the
doubly sodium cationized polymers with the
carbohydrate ester end groups, as expected from
a coordination-insertion polymerization mecha-
nism. The MALDI mass spectrum for co-initiator
2 with a degree of polymerization of 10 is shown
in Figure 3. There are three series of peaks in
the spectrum and these correspond to the [2-
PLA þ Na] (marked with * in Fig. 3), [2-PLA þ
2Na] (** in Fig. 3) and a very small series
assigned to cyclic PLA. The cyclic PLA formed
during transesteriﬁcation reactions which oc-
curred more rapidly at this low degree of poly-
merization than they did at higher degrees of
polymerization.
Table 2. Polymerizations Conducted with Co-initiator 2
Co-initiatora
%
Conversionb Time/Min
Mn
Calculatedc
Mn SEC
d
(PDI)
2 16 93 6200 5250(1.08)
2 31 163 11800 12700(1.04)
2 59 250 21600 24000(1.04)
2 90 425 33000 42000(1.07)
a Polymerization conditions: [LA]0 ¼ 1 M, [2] ¼ 4 mM, CH2Cl2, 25 8C.
b Determined by 1H NMR by integration of the methine signals at 5.20 ppm for PLA and
5.00 ppm for lactide.
c Calculated using the percentage conversion determined by 1H NMR: Mn ¼ (144 3 DP) þ
450.
d Determined by SEC using CHCl3 and versus narrow Mn polystyrene standards, a correc-
tion factor of 0.58 was applied according to the literature.27
Figure 3. The MALDI mass spectrum for PLA produced from co-initiator 2, with a
degree of polymerization of 10. The peaks marked with * correspond to [2-PLA-Na]þ
and the peaks marked with ** correspond to [2-PLA-2Na]þ.
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Pyranoses Derived from D-Xylose and
2-Deoxy-D-Ribose
To probe the scope of the initiating system and
the utility of carbohydrate end capped PLA, a
range of other pyranose co-initiators were tested
(Scheme 3). Pyranoses are the most prevalent
form of most simple carbohydrates and are
therefore abundant, inexpensive chiral com-
pounds with a multitude of hydroxyl groups.
Previous investigations using pyranoses have
focused exclusively on the hexoses D-glucose or
D-galactose.9–17 Therefore, there was scope for
an examination of an initiating system using
pentoses. D-Xylose is the pentose with the same
stereochemistry as D-glucose but without substi-
tution at C-5 and 2-deoxy-D-ribose has only two
ring hydroxyl substituents; they were targeted
as useful materials for biomedical studies to
elucidate the inﬂuence of ring substitution.
Furthermore, D-xylose is a major constituent of
hemicellulose and is therefore easily accessible
and inexpensive, 2-deoxy-D-ribose is a constitu-
ent of nucleic acids and therefore ubiquitous in
biology.2 The polymerization conditions were the
same as used for the aldonate esters 1 and 2;
the initiating system required the synthesis of
pyranoses with only one free hydroxyl group.
The co-initiators 2,3,4-tri-O-acetyl-D-xylopyra-
nose 3, 2,3,4-tri-O-benzyl-D-xylopyranose 4 and
2-deoxy-3,4-isopropyl acetal-D-ribopyranose 5
were prepared from D-xylose and 2-deoxy-D-
ribose, respectively, using literature methods
which were straightforward and high yielding,
this was important due to the complexity of some
carbohydrate functionalization strategies.19,20,22,28
All of the co-initiators had the initiating hydroxyl
moiety at the anomeric position (C-1) and were
isolated in anomeric ratios (a:b) of 10:7, 5:2 and
3:2 for 3, 4, and 5, respectively.
The properties of the PLA produced at 4 mM
concentration of co-initiator 3, 4, or 5 are shown
in Table 3, it is notable that all the polymeriza-
tions occurred rapidly and with good control.
There was close agreement between calculated
and experimental Mn, for example using 4 at
80% conversion of lactide, the calculated Mn was
30,000 and that obtained by SEC was 29,800.
The polymerizations occurred more rapidly than
with aldonate ester co-initiators, for example at
4 mM concentration of 1 the polymerization
required 960 min to reach 87% conversion
whereas with 3 only 80 min were needed.
The 1H NMR spectrum of the PLA indicated
only the expected carbohydrate ester end group
resonances, as illustrated in Figure 4 and Fig-
ures S1-5. Figure 4 shows the 1H NMR spec-
trum of the PLA end capped with 5, the a and b
anomers are most clearly distinguished by the
two H-1 signals at 6.22 and 6.00 ppm, respec-
tively. Furthermore, the integrals for the end-
groups versus those for the PLA methylene
groups are in excellent agreement with the poly-
merization stoichiometry. In Figure 4, the poly-
merization was conducted using 50 equivalents
of lactide to 5, the relative integrals of the H-1
Scheme 3. Synthesis and structure of PLA prepared using 2,3,4-tri-O-acetyl-D-xylo-
pyranose 3, 2,3,4-triO-benzyl-D-xylopyranose 4, and 2-deoxy-3,4-isopropylidene ace-
tal-D-ribose 5 co-initiators. Where n ¼ 10–250. Reagents and conditions: a) n [S]-lac-
tide (1 M), LZnEt, CH2Cl2, 25 8C.
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Table 3. PLA Synthesized Using Co-initiators 3, 4 and 5
Co-initiatora
%
Conversionb Time/Min
Mn
Calculated
Mn SEC
c
(PDI)
3 12 20 4300 3800 (1.17)
3 63 50 22,800 25,000 (1.17)
3 87 80 31,700 30,700 (1.14)
3 91 110 33,000 33,700 (1.10)
3 95 170 34,400 37,100 (1.46)
4 10 80 3900 3920 (1.15)
4 20 110 7620 7300 (1.17)
4 44 140 16,300 15,000 (1.10)
4 62 210 22,700 21,200 (1.04)
4 82 360 30,000 29,800 (1.28)
5 16 94 5900 5200 (1.05)
5 30 150 11,000 10,900 (1.04)
5 51 215 18,600 20,600 (1.02)
5 89 393 32,200 41,900 (1.09)
a Polymerization conditions: [LA]0 ¼ 1 M, [co-initiator] ¼ 4 mM, CH2Cl2, 25 8C.
b Determined by 1H NMR by integration of the methine signals at 5.20 ppm for PLA and
5.00 ppm for lactide.
c Determined by SEC using CHCl3 and versus narrow Mn polystyrene standards and with a
correction factor applied.27
Figure 4. 1H NMR spectrum showing PLA synthesized using co-initiator 5 to illus-
trate the two anomeric signals at 6.22 and 6.00 ppm (for full spectrum see Figure
S5). Polymerization conditions: [5]0 ¼ 0.02 M, [LA]0 ¼ 1 M, CH2Cl2, 25 8C. The poly-
merization went to complete conversion and the polymer was puriﬁed (see experi-
mental section). The ratio of the anomers is indicated by the ratio of the integrals for
the signals at 6.20 and 6.00 ppm.
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signals, at 6.22 and 6.00 ppm, to the lactide
methylene signals, at 5.18 ppm, indicate a
degree of polymerization of 52.
Polymerization Kinetics
The co-initiators showed signiﬁcant differences
in the polymerization rate, presumably reﬂect-
ing differences in the rate of initiation between
the different initiators. The plots of ln{[LA]0/
[LA]t} versus time, for 4 mM concentration of co-
initiator and 1 M concentration of lactide, are
illustrated in Figure 5.
In Figure 5, the gradient of the lines corre-
sponds to the pseudo ﬁrst order rate constant,
kapp, for the various co-initiators. A comparison
of the kapp values for the initiators shows an
order: 3 > 2 > 5 > 4 > 1. The relative rates of
the co-initiators relate to the type of hydroxyl
group initiating the polymerization with second-
ary anomeric hydroxyl groups (e.g., on 3–5)
showing signiﬁcantly enhanced rates compared
to the secondary hydroxyl group on 1. It is
postulated that the reason for the greater rate
of secondary anomeric hydroxyl initiators is due
to their reduced steric hindrance and higher
acidity compared to open chain secondary
hydroxyl initiator 1. The primary hydroxyl
group on 2 showed a rate comparable to the sec-
ondary anomeric hydroxyl groups on 3–5. Thus,
the nature of the hydroxyl group had a signi-
ﬁcant inﬂuence over the polymerization rate
and this was controlled predominantly by steric
factors.
Water Contact Angle
For biomedical applications it is important to
reduce the hydrophobicity of PLA and it is pro-
posed that end group functionalization may help
achieve this. To establish the hydrophilicity of
the series of end-capped PLAs, the static contact
angles with water were measured (Table 4).
Investigation of the polymer ﬁlms using a micro-
scope-based interferometer showed that the
ﬁlms were homogeneously coated on the glass
slides and their surface roughness values com-
parable (Table 4). Therefore, the differences of
surface wettability among the ﬁlms can be
entirely attributed to differences of the chemical
composition of the ﬁlm/water interface. The ini-
tiator was found to reduce the contact angles of
the poly(S-lactide) compared to poly(S-lactide)
initiated from ethanol which a contact angle of
828, in reasonable agreement with literature val-
ues.29 The carbohydrate initiators all resulted in
ﬁlms with reduced contact angles, with the order
of increasing hydrophilicity being: 4-PLA  5-
PLA < 2-PLA < 3-PLA < 1-PLA. Both the
nature of the carbohydrate substituents and the
type of carbohydrate, pyranose versus aldonate
ester, inﬂuence the contact angle. Acetyl groups
are more hydrophilic than benzyl or isopropyli-
dene acetal groups therefore poly(S-lactide) ini-
tiated with 3 has a lower contact angle than
that initiated using 4. Also, increasing the num-
ber of substituents increases the hydrophilicity,
thus poly(S-lactide) endcapped with substituted
D-glucose is more hydrophilic than D-xylose or
Figure 5. Plot of ln{[LA]0/[LA]t} versus time for
co-initiators 1–5. Polymerization conditions: [LA]0 ¼ 1
M, [co-initiator]¼ 4 mM, CH2Cl2, 25 8C. [LA]t was deter-
mined from the percentage conversion by 1H NMR.
Table 4. The Surface Roughness and Static Water
Contact Angles of Films of Polylactide Initiated Using
Compounds 1–5
Initiator RMS (nm)a Water contact angleb
1-PLA 3.7 6 0.8 64.28 6 1.08
2-PLA 4.3 6 1.9 76.08 6 3.08
3-PLA 4.2 6 0.8 66.28 6 1.88
4-PLA 3.0 6 2.0 79.78 6 0.28
5-PLA 5.0 6 5.0 79.48 6 0.38
PLA 2.3 6 0.8 82.18 6 0.38
a Determined using a microscope-based interferometer
expressed as the average root mean square (RMS) value.
b Determined by deposition of 30 lL of ultra-pure water
to the surface of the ﬁlms and using a drop shape analysis
system to determine the contact angle.
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2-deoxy-D-ribose. Finally, the aldonate esters
have lower contact angles than their pyranose
counterparts, thus poly(S-lactide) initiated with
2 is more hydrophilic than with 4. Although, the
decreases in contact angle are quite modest, they
do show the potential for these initiators to
increase the hydrophilicy of the polylactide ﬁlms.
CONCLUSIONS
The controlled S-lactide polymerization using a
range of different carbohydrate co-initiators has
been established. The novel co-initiators were
pyranoses and aldonate esters derived from
D-gluconolactone, D-xylose, D-xylonolactone, and
2-deoxy-D-ribose. The polymerizations were all
well controlled, as illustrated by the good correla-
tion between calculated and experimental Mn,
the linear increase in the Mn with percentage
conversion, the correlation between Mn and [lac-
tide]0-[lactide]t/[co-initiator] and the narrow poly-
dispersity indices. Polylactides with a controlla-
ble degree of polymerization were synthesized for
each different co-initiating group, thereby provid-
ing a viable route to PLA end functionalized with
biologically compatible and derived molecules.
The polyesters were fully characterized, includ-
ing by NMR spectroscopy, SEC and mass spec-
trometry. Thin ﬁlms of the polymer had lower
water contact angles than poly(S-lactide), indi-
cating that the carbohydrate initiators were
useful for increasing the hydrophilicity, an im-
portant parameter for improving biocompatibil-
ity. We are currently exploring the utility of these
polyesters as matrices for tissue engineering and
this will be the subject of a future report.
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